THE JOURNAL 


OF THE 


AMERICAN 
CERAMIC 
SOCIETY 


JO 


Fla 


=, 
4 


g 


DECEMBER 1, 1943 


MONTHLY PUBLICATION DEVOTED TO THE ARTS AND SCIENCES RELATED TO 7i:E SILICATE INDUSTRIES 


. 
ny, 
LOY: | 
189% i 


| 
be 
AN 
be 


TABLE OF CONTENTS 


Vol. 26 December, 1943 No. 12 


THE JOURNAL 


By M. L. Huggins, K.-H. Sun, and Alexander Silverman 
Experimental Studies of Temperature Gradients in Glasses of Various Colors............. 398-404 


By H. H. Holscher, R. R. Rough, and J. H. Plummer 


Electrically Fused Forsterite-Olivime, 405-13 
By the Electrothermal Section of the Electrotechnical Laboratory 


Duplication of Chrome-Brown Electrical Porcelain Glazes with Nonessential Materials... . 414 


By R. B. Fuller and A. S. Watts 


Publication Office: 20th & Northampton Sts., Easton, Pa. 
Editorial Office: 2525 N. High St., Columbus 2, Ohio 
Commitice on Publications: J. D. Chairman; H. H. Brau, R. L. Stone, J. J. Canrteco, H, Taremeckr, 
R. C. Purpy, ex oficio. 
Entered as second-class matter at the post office at Easton, Pa., under the act of March 3, 1879. Published monthly. 
Subscription fifteen dollars ($15.00) a year. Single numbers $1.50 
(Foreign and Canadian postage, 50¢ additional on subscriptions) 


(Copyright 1943, American Ceramic Society, Inc.) 


— 
i 


Second Ceramic War Conference 
FORTY-SIXTH ANNUAL MEETING 


The American Ceramic Society, Inc. 
Hotel William Penn, Pittsiurgh, Pa. 
April 2, 3, 4, and 5, 1944 


Only Eight Weeks Remain in Which to Assemble the Program 


a 


“Tf the clock’s ticking off its minutes does not stimulate the lazy, 


weary, or ambitionless man to accomplishment, the rolling years 


ultimately wiil overtake him while he is yet empty handed.” —Dr. 
Dugald C. Fackson, “Biography of Frank Fulian Sprage,” 
Scientific Monthly, November, 1943. 


Not Lazy, weary, or ambitionless 


yet some will procrastinate 


owe The Clock Ticks Off Time s~» The World Moves On 
exe The War Will End, Finding Many Unprepared 


It Is Important That Ceramists Be Prepared 
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THE VITREOUS STATE* 


By Maurice L. Hucoins,t Kuan-Han Sun,t anp ALEXANDER SiLvermMant 


: ABSTRACT 
The difficulty of defiring the vitreous state in a rigorous manner, the existence of many 
borderline cases, and the theoretical requirements which must be met if a substance is to 
be vitreous are discussed. Silicate glasses and certain other typical classes of vitreous 
substances are treated in some detail with especial reference to the relation between their 


structures and vitreous properties. 


|. General Considerations 

If a substance possesses a degree of rigidity compa- 
rable to that possessed by typical crystalline substances 
yet lacks the dependence on direction (characteristic of 
the crystalline state) of such properties as hardness, 
rate of growth and solution, and sometimes refractive 
index, it is said to be in the vitreous state. 

From the structural point of view, the vitreous state 
of matter may be defined, alternatively, as that state 
in which the arrangement of the component atoms, 
ions, or molecules possesses a permanence similar to 
that in the crystalline state and a randomness similar 
to that characteristic of liquids. 

The terms “vitreous substance,” “vitreous solid,” 
“amorphous solid,” ‘‘supercooied liquid,” “glass,” and 
“‘plastic’’ may be considered to be practically synony- 
mous. The term used by a given author at a given 
time is largely a matter of preference, depending in 
part on the type of characteristic property (e.g., 
rigidity, lack of directional properties, method of pro- 
duction) which it is desired to emphasize. 

A rigorous definition of a vitreous substance is im- 
possible without the introduction of purely arbitrary 
quantitative limiting values for the rigidity (or vis- 
cosity) and the dependence of various properties on di- 
rection or for the degree of permanence and lack of 
order in the atomic distribution. Rather than intro- 
duce such arbitrariness, it seems better to consider the 
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term vitreous merely as a convenient descriptive adjec- 
tive, realizing that there are many borderline cases to 
which the term may be applied or not as convenient. 

On raising the temperature, most vitreous solids are 
transformed to liquids; the transformation, however, 
is gradual rather than sharp as is the change from the 
crystalline to the liquid states. A vitreous substance 
in the transition range has properties intermediate be- 
tween those characteristic of an amorphous solid and 
those characteristic of a liquid. It may be described 
either as a very viscous liquid or as a plastic solid as 
suits one’s fancy. 

As examples of substances intermediate between 
vitreous solids and crystalline solids, glasses that are in- 
homogeneous and show a tendency toward crystalliza- 
tion and organic long-chain polymers, which have been 
given directional properties by stretching or cold draw- 
ing, may be mentioned. 

Looking at the subject from an atomic point of view, 
the reasons for the existence of many borderline cases 
are obvious. Like atoms (or ions or groups of atoms) 
tend to be surrounded by other atoms (or ions or atomic 
groups) in a like manner. In any condensed system, 
that is, crystalline solid, vitreous solid, or liquid, there 
tends to be a regularity in the atomic distribution im- 
mediately surrounding each atom (or ion or group of 
atoms). If in addition to the local regularity there is 
also a long-distance regularity, the substance is crystal- 
line; if not, it is a vitreous solid or a liquid, depending 
on the degree of permanence of the long-distance struc- 
ture, which is a function of temperature. 

A crystalline arrangement of atoms or molecules has 
(at least nearly always) a lower energy than a non- 

ine arrangement, although the difference is 
usually not large. If the interatomic (or interionic or 
intermoleculaf) forces tending to maintain a momen- 
tarily existing long-distance structure are small enough, 
the thermal vibrations of the atoms will cause the struc- 
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Fic. 1.—Two dimensional representations of (¢) 
crystalline and (b) vitreous SiO, structures (after Za- 
chariasen*™ and Warren’). 


ture to change rapidly to a different structure and the 
substance is a liquid. If the substance is then cooled 
rapidly to a temperature such that the average kinetic 
energy tending to change the structure is considerably 
smaller than the energy humps tending to prevent re- 
arrangement to a crystalline structure, a vitreous solid 
results. If, on the other hand, the cooling takes place 
sufficiently slowly and if the energy of a structure having 
long-distance regularity is enough lower than the 
energy of any other structure, a crystalline substance is 
produced. The existence of vitreous substances is thus 
closely related to the strengths of the interatomic, in- 
terionic, and intermolecular forces and to the rate of 
cooling from the liquid state. 

In general, a substance tends to be a solid if inter- 
atomic bonds, strong enough to resist breaking by 
thermal collisions, form a three-dimensional network 
structure extending throughout the mass. If a regular 
network structure has a considerably lower energy than 
any irregular structure, the solid tends to be crystalline. 
It tends to be amorphous, however, if different arrange- 
ments have practically equal energy. 

In silicate glasses, the strongest interatomic forces 
are usually those between adjacent silicon and oxygen 
atoms. Because of these forces, each silicon is bonded 
tet:ahedrally to four oxygens and each oxygen to one 
or two silicons (usually in addition to one or more other 
metallic atoms). In most ordinary glasses, the en- 
semble of Si—O bonds forms a network structure. The 
rings of which this network may be considered to be 
composed are of various sizes, partly because of the 
effects of the other atoms of various sizes and coordina- 
tion numbers and partly because the energy of the net- 
work depends only slightly on the ring-size distribution 
(see Fig. 1). The fact that different relative orienta- 
tions of practically equal stability are possible for the 
two Si—O bonds extending from many of the oxygen 
atoms contributes both to the irregularity of distribu- 
tion of ring sizes and to the irregularity in shape of the 
rings of the same size. 

At sufficiently high temperatures, such as those at 
which the glass was made, the viscosity is that of an 
ordinary liquid; the network is continually being 
broken and re-formed with a change of configuration. 
This change necessitates the breaking and re-formation 
of Si—0O bonds. 

As the temperature is lowered, the rate of breaking 
of Si—O bonds rapidly becomes smaller and the vis- 
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cosity greatly increases. Within the temperature 
range in which the viscosity is rapidly changing (or at 
any higher temperature), the structure existing at 
any instant is far from regular because the differences in 
energy between different configurations (different sizes 
of rings, etc.) for each small region of the structure are 
small in relation to the thermal energy available. 

On further cooling, practically no Si—O bonds are 
broken, and in this respect the structure remains fixed. 
Other changes having smaller activation energies con- 
tinue to occur at temperatures somewhat below the 
range of rapid viscosity increase. These include the 
breaking and making of other metal—oxygen bonds 
and changes of orientation of Si—O bonds in the sili- 
cate net insofar as possible without breaking any of 
these bonds or changing Si—O—Si bond angles too 
greatly from their most stat'e values. Those changes 
are preferred over changes in the opposite direction, 
which result in a decrease in (free) energy. 

If the cooling takes place very slowly through each 
temperature range in which the rate of shift for a given 
type of structure change is rapidly decreasing, approxi- 
mate equilibrium with respect to each of these types of 
changes can be maintained. In those types of sub- 
systems in which one of two alternative distributions 
is considerably more stable than the other, practically 
all will have the more stable distribution when the 
temperature is reached at which the rate of shift be- 
comes negligible. Slow cooling over all of these critical 
regions therefore produces a glass at room temperature 
that approaches the lowest possible energy, that is, 
maximum stability. Rapid cooling through any of the 
critical regions results in the “freezing in’’ of some rela- 
tively unstable atomic distributions, which causes strains 
and inhomogeneities. The tendency to relieve these 
strains to give a thermodynamically more stable struc- 
ture produces slow internal changes which persist over 
a long period of time. 

Very slow cooling through temperatures only slightly 
below those at which the glass is fluid favors the produc- 
tion and growth of crystalline regions in the mass, but 
the importance of this tendency is greatly dependent 
on the composition. Such crystalline regions, espe- 
cially if the crystal structure is quite anisotropic with 
strength and other properties varying greatly with di- 
rection, may be very deleterious, producing inhomo- 
geneity and other undesirable properties in the final 
product. 


ll. Vitreous Sulfur and Selenium 

In this and the following sections, some typical sub- 
stances and types of substances which form vitreous 
solids will be discussed, with emphasis on the structural 
relationships. 

Among the elements known in the vitreous state are 
sulfur and selenium. According to the Lewis theory 
of valence and atomic structure,' these elements would 
be expected to form either rings or very long chains, 
each atom in either case (except for the few terminal 


1G. N. Lewis, Valence and Structure of Atoms and 
pp. 94-95. Reinhold Publishing Corp., New 
ork, 
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atoms of the long chains) being bended to two others, 
with a bond angle at least roughly approximating the 
tetrahedral angle (110°). This expectation has-been 
verified by X-ray work on the crystalline forms of the 
elements.? 

Amorphous sulfur and selenium can’ be obtained by 
rapidly cooling the liquids after heating at a tempera- 
ture sufficient to break the rings. The amorphous sub- 
stances contain long chains of atoms* and probably also 
rings of various sizes. These chains and rings have 
many different configurations because of the nearly 
equal stability of various orientations of each single 
bond re.ative to each of the two adjacent bonds. This 
picture is consistent with the rubberlike elasticity of 
amorphous sulfur at ordinary temperatures and of 
amorphous selenium at somewhat higher temperdtures, 
a property now known to be due to the entropy decrease 
occurring when randomly kinked chains become more 
or less straightened out ana mutually aligned when the 
material is stretched.‘ The elasticity disappears as the 
temperature is lowered (as in the case of rubber) be- 
cause the thermal motions of the atoms become insuf- 
ficient to produce the changes of orientation at a suf- 
ficiently rapid rate. 


lll. Vitreous Silica 

The structure of vitreous silica, SiO:, will be discussed 
in this section. Reasoning from the Lewis tiscory of 
valence,* each silicon atom in silicon dioxide should be 
tetrahedrally bonded to four oxygen atoms and each 
oxygen should be bonded to two silicons by bonds 
making approximately tetrahedral angles with each 
other. These conclusions have been verified by the re- 
sults of X-ray studies of quartz* and vitreous silica.’ 

Because of the possibility, without much energy 
change, of different orientations of each Si—O bond 


2(a) B. E. Warren and J. T. Burwell, “Structure of 
Rhombic Sulfur,”” Jour. Chem. Phys., 3 [1] 6-8 (1935). 

(6) J. T. Burwell, “Unit Cell and Group of Mono- 
clinic Sulfur,” Z. Krist., A97 [1-2] 123-24 (1937). 

(c) H. P. Klug, “KX. Ray Study of Red Monoclinic 
Selenium; Proof of Existence = Two Red Monoclinic 
Varieties of Selenium,” ibid., A88 [2] 128-35 (1934); 
Ceram. Abs., 13 [9] 244 (1934). 

(d) M. K. Slattery, ‘Crystal Structure of Metallic 
Selenium and Tellurium,” Phys. RF ».,21 [3] 378-79 (1923). 

(e) M. K. Slattery, “Crystal Structure of Metallic 
Tellurium and Selenium and of Strontium and Barium 
Selenide,” ibid., 25 (3] 333-37 (1925). 

(f) A. ). Bradley, ‘ ‘Crystal Structures of Rhombohedral 
Forms of Selenium and Tellurium,” Phil. Mag., 48 [285] 
477-96 (1924). 

*K. H. Meyer and Y. Go, “‘Sur le soufre filiforme et sa 
structure,” Helv. Chim. Acta, 17, 1081-93 (1934). 

*(a) K. H. Meyer, G. von Susich, and E. Valké, “Die 
elastischen Eigenschaften der organiscken Hochpolymeren 
assay kinetische Deutung,” Kolloid-Z., 59 [2] 208-16 

(6) W. F. Busse, “Physical Structure cf Elastic Col- 
loids,” Jour. Phys. Chem., 36 [12] 2862-79 (1932). 

(c) E. Karrer, “Kinetic Theory of Elasticity of Highly 
Elastic Gels,” Phys. Kev., 39 [5] 857 (1932). 

(a) M. L. Huggins, “Crystal Structure of Quartz,” 
Phys. Rev., 19 [4] 363-68 (1922). 

(0) See also p. 94 of reference 1. 

* (a) R. E. Gibbs, “Variation with Temperature of the 
Intensity of Reflection of X-Rays from Quartz and Its 
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relative to the other Si—O bond leading from the same 
oxygen atom, many different atomic arrangements 
satisfying the bond requirements just mentioned have 
nearly the same stability, The most stable of these 
at room temperature is that of quartz, but at much 
higher temperatures many less regular structures must 
exist in equilibrium with each other (see Fig. 1). A 
change from one of these structures to another involves 
(in most instances) the breaking of relatively strong 
Si—O bonds. The activation energy for this change is 
large, so large in fact that the rate must be negligibly 
slow at ordinary temperatures. Sudden cooling of the 
melt, through the temperature range within which this 
rate is not negligible, therefore “freezes in” the irregular 
arrangements, producing silica glass. 


IV. Other Oxide Glasses 

Other pure oxides which have yielded glasses on rapid 
cooling from the molten state include the following: 
and BisO;."° Possibly P,0;," and Sb,0,*° 
should also be included in this list. In all of these 
substances in both the crystalline and vitreous states, 
rather strong metal—oxygen electronpair bonds would 
theoretically be expected. Except in ZrOz, the exist- 
ence of two such bonds would be expected, extending 
approximately at tetrahedral angles from each oxygen 
atom (or, in P,Os, AsOs, Sb-Os, and V;Os, from most of 
the oxygen atoms). The crystal structures of most of 


Bearing on Crystal Structure,”’ Proc. Roy. Soc. [London], 
A107 (743 | 561-70 (1925). 

(6) R. E. Gibbs, “Structure of a-Quartz,” ibid:, A110 
[754] 443-55 (1926). 

(c) W. H. Bragg and R. E. Gibbs, “Structure of a- and 
8-Quartz,” ibid., A109 [751] 405-27 (1925); Ceram. Abs.,5 
[5] 167 (1926). 

(d) R. W. G. Wyckoff, “Crystal Structure of High- 
Temperature (8) Modification of Quartz,”” Amer. Jour. 
Sci., 11, 101-12 (1926). 

(e) R. W. G. Wyckoff, ‘“‘Kriterien fiir hexagonale Raum- 
und die Kristallstruktur von 8-Quartz,” Z. Krist., 

[V-V1] 507-37 (1926). 
f) See also reference 5 (a).: 

{25 B. E. Warren, “X-Ray Diffraction of Vitreous 
Silica,” Z. Krist., A86 [5-6] 349-58 (1933); Ceram. Abs., 
14 [4] 91 (1935). 

(6) B. E. Warren and J. Biscoe, “Structure of Silica 
Glass by X-Ray Diffraction Studies,"’ Jour. Amer. Ceram. 
Soc., 21 [2] 49-54 (1938). 

8 (a) W. H. Zachariasen, “Atomic Arrangement in 
Glass,” Jour. Amer. Chem. Soc., $4 [10] 3541-51 (1932); 
Ceram. Abs., 12 [4] 145 (1933). 

(6) G. W. Morey, Properties of Glass, pp. 74-75. Amer. 
Chem. Soc. Monograph Series, Reinhoid Publishing Corp., 
New York, 1938. 561 pp.; Ceram. Abs., 18 [2] 48 (1939). 

(c) G. Hagg, “Vitreous State,”” Jour. Chem. Phys., 3 
[1] 42-49 (1935); Ceram. Abs., 14 [7] 161 (1935). 

* (a) W. M. Cohn, “Uber die Herstellung von Zirkon- 
dioxydglas mit Hilfe des Straubelschen Sonnenspiegels 
(Development of Zirconium Glass with the Help of the 
Straubel Sun Mirror),” Ber. deut. keram. Ges., 12 [3] 
118-22 (1931); Ceram. Abs., 10 [9] 631 (1931). 

(6) W. M. Cohn, “Crystal Modifications of Zirconia; 
Clear, Fused Zirconia Produced in the Sun Furnace,” 
Trans. Electrochem. Soc., 68, 65-71 (1935); Ceram. Abs., 
18 9] 244 (1939). 

” J. T. Randall and H. P. Rooksby, “X-Ray Diffraction 
and Structure of Glasses,” Jour. Soc. Glass Tech., 17 
[67] 287-95 (1933); Ceram. Abs., 13 [3] 56 (1934). 
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Na te te Diagrammatic representation 
0.250 0 i 0 0 9 0 + 
0.250-0.286 0-1 g— ° ++ 
0.286 i 0 i 0 0 0 oe 
0 0 with or without ---++ +--- 
0.333 2 0 0 kel 0 0 Rings and/or infinitely long chains 
2 2 0 Network, composed of ---+---- and ---+---, 
0.333-0.400 23 0 0 w.75 
0.400 3 0 0 0 Network, composed of ---+--- 
0.500 0 0 0 1 Network, composed of 


these compounds have been determined and have been 
found to agree with these theoretical expectations. 
According to both the theory and the crystal structure 
results, three or more of the oxygen atoms surrounding 
each atom of the more metallic element are bonded also 
to other “metal” atoms. This permits a three-dimen- 
sional network structure and such a structure doubtless 
exists in these glasses. The randomness of the atomic 
arrangements in the glasses results from the possibility 
of different relative orientations of the two bonds con- 
necting each oxygen to other atoms and from a ran- 
domness in the distribution of the bridging and non- 
bridging oxygens in those instances in which all of the 
oxygens surrounding each “metal” atom are not also 
bonded to other atoms. 


V. Silicate Glasses 

In most silicates, both crystalline and vitreous, the 
sili bonds are much stronger than any 
others present. (B—O and perhaps Al—O bonds are 
comparable in strength, but these bonds will be neg- 
lected here to simplify the discussion.) In agreement 
with theoretical expectation, it has been found that in 
silicate crystals each silicon is tetrahedrally surrounded 
by four oxygens and that each oxygen is bonded to 
either one or two silicons. Evidence regarding the 
structure of silicate glasses favors the assumption that 
a similar state of affairs also exists in these silicates. 

The SiO, tetrahedra may be classified as types 0, 1, 
2, 3, and 4, on the basis of the number of oxygens 
shared with other silicons. At least in crystals and 
glasses in which there are no other bonds comparable 
in strength with the Si—O bonds, it seems reasonable to 
assume that for greatest stability only types designated 
by adjacent numbers (0 and 1 or 1 and 2 or 2 and 3 or 
3 and 4, but not 0 and 2 or 1 and 3, etc.) can exist to- 
gether in a given sample. In other words, two SiO, 
tetrahedra of types 1 and 3 (having one and three oxy- 
gens shared), for example, would tend to react together 
in such a way as to produce two tetrahedra of type 2. 
The authors know of no contradictions to this generali- 
zation among silicate crystals. Among glasses some 
deviations might be expected, especially if the composi- 


tion is such that nearly all of the tetrahedra are of a 
single type; for instance, a glass having nearly all of 
type 2 might well have some of type 1 and some of type 
3. Some conclusions based on this generalization are 
nevertheless of interest and may be considered to be 
approximately correct. 

For this purpose, a quantity N,; may be used. This 
is defined as the ratio of the number of silicon atoms to 
the number of oxygen atoms in the glass (or crystal). 
It may be computed") from the weight fractions (f,,) 
of the different oxide components (having formulas 
M,O, and molecular weights W,) by means of rela- 
tion (1). 


N,, and s, the average number of oxygen atoms of each 


SiO, tetrahedron which are shared with other silicons, 
are related by equation (2). 


2 
s=8- — 
Nu 


(2) 


Table I gives both the values of s and of fo, fi. . .fe, 
the fractions of the SiO, tetrahedra which are of types 
0, 1...4, respectively, for various compositions (N,, 
values) and composition ranges, assuming the preceding 
generalization tb be strictly correct. 

In the right-hand column of Table I, the silicate 
structures present are symbclized diagrammatically. 
The crosses represent SiO, tetrahedra as follows: + 
denotes SiO,~‘ ions, having the “dot formula” (A) and 
++ denotes Si,O;~* ions, having the dot formula (B). 


<0: 03 


(A) :0:Si:0: (B) :0:8i:0:Si:0: 
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Except for pure SiO; (N,, equals 0.50), each aggrega- 
tion of silicon and oxygen atoms, joined together 
through Si—O bonds, is negatively charged, the magni- 
tude of the charge being given by the formula Si,O,“~*. 
This charge is balanced by positively charged ions, 
such as Na*, Ca**, Al***, also present in the struc- 
ture. The distribution of the positive ions, although 
important in determining the properties of the glass, 
will not be discussed at this time. 

It must be emphasized that the distributions of sili- 
con and oxygen atoms indicated in Table I at best are 
only approximate, limiting distributions. The energy 
change for the reaction between a type 1 tetrahedron 
and a type 3 tetrahedron to give two type 2 tetra- 
hedra, for instance, is probably not large. At any 
temperature at which the rate of this reaction would 
not be negligible, the equilibrium distribution probably 
would contain a considerable fraction of types 1 and 3 
coexisting in the same sample. Glasses having N,, S 
0.333 would therefore be expected to have some 
branched chains, and those having N,, 2 0.333 would 


be expected to have some chains with loose ends. The 
relative numbers of tetrahedra of the different types are 
certainly affected also by the kinds and numbers of 
other atoms or ions present, especially by those (B, Al) 
having the strongest attractions for the oxygens. 


In spite of these limitations, it is felt by the authors 
that the dependence of structure on composition indi- 
cated in Table I is approximately correct and will prove 
useful in future discussions of the dependence of the 
properties of silicate glasses on their compositions. 
Considerations such as these in fact have already 
proved helpful in leading to reasonebly satisfactory 
treatments of the dependence of the densities," re- 
fractive indices,'* and dispersions" of silicate glasses 
on their compositions. 

The conclusions regarding the structure of silicate 
glasses containing no atoms, other than Si, which form 
strong electronpair bonds to oxygen, are readily gener- 
alized, on the basis of similar assumptions, to oth-t 
mixed oxide glasses, both those containing silicon plus 
other elements such as boron, phosphorus, and germa- 
nium, and those containing no silicon. 


(a) M. L. Huggins, “Density of Silicate Glasses as 
Function of Composition,” Jeur. Optical Soc. Amer., 30 
[9] 420-30 (1940); Ceram. Abs., 20 [2] 41 (1941). 

(b) M. L. Huggins and K.-H. Sun, “Calculation of 
Density and Optical Constants of a Glass from Its Com- 
position in Weight Percentage,’”’ Jour. Amer. Ceram. Soc., 
26 [1] 4-11 (1943). 

(a) M. L. Huggins, “Refractive Index of Silicate 
Glasses as Function of Composition,” Jour. Optical Soc. 
Cser 30 [10] 495-504 (1940); Ceram. Abs., 20 [2] 41-42 

1). 

(b) See also reference 11(b). 

13 (a) M. L. Huggins, “Dispersion of Silicate Glasses as 
Function of Composition,” Jour. Optical Soc. Amer., 30 
{11] 514-18 (1940); Ceram. Abs., 20 [4] 88 (1941). 

(6) M. L. Huggins, K.-H. Sun, and D. O. Davis, “Dis- 
persion of Silicate Glasses as Function of Composition, 
II,” Jour. Optical Soc. Amer., 32 [12] 635-50 (1942); Ce- 
ram. Abs., 22 [2] 30 (1943). 

(c) See also reference 11(d). 
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VI. Glasses Containing Hydrogen Bridges 
Many organic and inorganic hydroxy compounds 
form glasses in which the molecular or ionic units are 
held together by OHO hydrogen bridges." Typical 
examples are glucose, 


polyvinyl! alcohol, 


| 
H 
and glacial phosphoric at one of the forms of meta- 


phosphoric acid. The last-named substance, the authors 
believe, consists of long chains, 


kinked in a more or less random manner and connected 
to each other by means of the hydrogens. Some closed 
rings may also be present. 

The possibilities of different orientations of the OHO 
bridges relative to the adjacent C—O or P—O bonds 
and of considerable variation in bond angles at (and 
withia) these bridges, as well as other factors, help to 
produce an amorphous rather than a crystalline struc- 
ture. The forces tending to prevent rearrangement of a 
momentarily existing structure are much less than for 
silicate glasses; the substances are therefore fluid at 
much lower temperatures. This condition greatly 
simplifies the investigation of the variation of various 
properties with temperature through the transition 
region between liquid and glass. 


Organic Polymers 


Polyvinyl alcohol is but one of many organic poly- 
mers containing long chains which are kinked in a ran- 
dom manner, provided they have not been extended 
and oriented by stretching of the material. Such sub- 
stances are rigid solids if the activation energies for re- 
arrangement of the atomic positions are large relative 
to kT. They are soft and nonrigid if these activation 
energies are roughly equal to or are smaller than &7. 
They show rubberlike elasticity if (1) most of the atoms 
have considerable freedom of motion, being restricted 


“4M. L. Huggins, “Hydrogen Bridges Com- 
pounds,” Jour. Org. Chem., 1 [5] 407- “56 (1936 
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only by small energy humps, yet (2) long-distance dis- 
placements are prevented by the existence of a three- 
dimensional network of strong bonds, capable of being 
broken only if large energy humps are passed over. 
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Without such a network, these substances exhibit 
plastic flow rather than long-range elasticity. 
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EXPERIMENTAL STUDIES OF THE TEMPERATURE GRADIENTS IN GLASSES 
OF VARIOUS COLORS* 


By H. H. Horscuer, R. R. Roucu, anp J. H. 


ABSTRACT 


Laboratory gradients are presented for glasses of different colors and coloring agents 
when heated at the surface to a temperature of 2615°F. The gradients in commercial 
tanks are related to these laboratory-tank experiments. Ferrous iron and chromic 
oxide yield the largest gradients, whereas selenium, cerium, and very small amounts of 
cobalt give small gradients. Ferric iron gives a large gradient and manganese a rela- 
tively low gradient. Iron sulfur ambers are intermediate. Visible color or color in- 
tensity is no indication of the temperature gradients. 


|. Introduction 


In the melting of glass, the penetration of heat 
through the surface down to deeper sections is very im- 
portant. In certain colors, the penetration is only a 
fraction of what it is in others, that is, the temperature 
gradient down through the glass may be very steep. 
Certain colored glass tanks are therefore usually shal- 
lower than flint tanks but the bottom tank block lasts 
much longer. Because of the rapid temperature drop 
down through the glass, difficulties resulting from the 
freezing of throats and from devitrification and stones 
are a major consideration. Stones may form because 
parts of the glass are below the liquidus temperature, 
and they may be slow to redissolve, moreover, because 
of the existing lower over-all temperatures. Sump or 
submarine throats are not advisable in such cases. 

All of these factors are significant if maximum output 
is to be obtained from a unit and particularly for tanks 
in which both flint and colored glasses are to be melted. 
A furnace designed for one certain color is at a disad- 
vantage for melting other colors. 

Because a knowledge of the effects of different color- 
ing agents also becomes important, a study was made 
of gradients existing in a small laboratory furnace and 
their relation to large tank furnace gradients. The 
authors also were seeking the most advantageous color- 
ing agents from the standpoint of reducing the gradient. 

The literature reveals studies on this subject, most of 
which are sketchy in nature. Differences in radiating 
power of various colored glasses were studied by Ki- 
taigorodskil and Solomin,' who listed the infrared trans- 


* Presented at the Forty-Fifth Annual Meeting, The 
American Ceramic Society, Pittsburgh, Pa., April 21, 
1943 (Glass Division). Received April 20, 1943. 

1J. I. Kitaigorodskii and N. W. Solomin, “Rate of 
Setting of Glass During Working,” Jour. Soc. Glass Tech., 
18 [72] 323-35 (1934); Ceram. Abs., 14 [8] 187 (1935). 


mission of a group of glasses with 2% of various coloring 
agents added in the order of flint (least radiating), man- 
ganese purple, ferric oxide, cobalt oxide, and ferrous 
oxide. They also discussed the relation of the rate of 
setting of the glass to its radiating power. 

Turner and Winks? had previously suggested that the 
apparent difficulty of casing colorless glass by cobalt 
blue glass was a result of a change of setting rate caused 
by color or radiating properties. 

Burch and Babcock® studied this problem and re- 
lated setting rate to machine speed. An amber glass 
set up 5% faster than a flint glass and a medium green 
glass 8% faster than the flint. Machine speeds followed 
in relative order, in fact, almost in quantitative order. 
The obvious interpretation is that the higher the radi- 
ating power, the higher the gradient to be expected 
down through the glass in a melter. 

Eitel and Lange‘ rated four glasses in the order of ra- 
diating power as flint (least), brown, green, and blue- 
green (highest). 

Studies on luminous flames have shown similar effects. 
Schwalbe® compared luminous and nonluminous flames 


? W. E. S. Turner and F. Winks, “‘Casing of Colorless by 
Cobalt Blue Glass: I, Thermal Expansion,” Jour. Soc. 
saa Tech., 12 [45] 57-82 (1928); Ceram. Abs., 8 [1] 24 


1929). 

* 0. G. Burch and C. L. Babcock, “Effect of Glass Color 
on Setting Rates in Manufacture of Glass Bottles,” Jour. 
Amer. Ceram. Soc., 21 [10] 345-51 (1938). 

‘ W. Eitel and B. Lange, ‘Determining Radiating Power 
of Glass,” Glastech. Ber., 10 [2] 78-80 (1932); Ceram. 
Abs., 11 16) 358 (1932). 

5 (a) F. G. Schwalbe, “Depth of Heat Penetration in 
Molten Glass with Luminous and Nonluminous Flames,” 
Ind. Heating, 2 [2] 99-102; [3] 153-54; [4] 209-10 (1935); 
Ceram. Abs., 14 [8] 185 (1935). 

(6) F.G. Schwalbe, ‘ ‘Control for Luminous Flame Firing 
a Furnaces,” Jour. Amer. Ceram. Soc., 23 (6) 173-78 
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and calculated the amount of energy penetrating the 
glass based on infrared transmissions at room tempera- 
ture. He gives a few measurements at the surface and 
at depths in amber and flint glass, and he reports a 
drop of 200°F. through 36 in. of flint.glass and a drop 
of 560°F. through 18 in. of amber glass. Similar scat- 
tered measurements are also noted by Gehlhoff and 
Thomas‘ and by the same writers and Schneekloth.’ 

Halle, Preston, and Turner® report gradients and 
gas consumption in a small experimental furnace for 
flint, amber, and iron-manganese green glasses as fol- 
lows: 


°F./in.* Gas required (ft.*/min.)t 
Flint 27 7.5 
Amber 72 6.0 
Green 135 5.3 


* From 3 to 4 in. depth (no insulation). 
t To hold surface temperature of 2552°F. 


From cooling rate data, they list several glasses in or- 
der of radiation as follows: 


MnO: 
Flint 0.07 
Cobalt blue 0.22 (0.46 CoO) 
C-S amber 0.2 
Fe-Mn light amber 2.88 3.28 
Fe-Mn green 1.57 2.30 
Fe-Mn dark amber 4.60 5.10 


These same experimenters also show the relation be- 
tween surface temperature under constant gas consump- 
tion to be flint 2552°, amber 2606°, and green 2660°F. 

Shute and Badger® studied the iron oxide glasses with 
results as follows: 


(%) Gradient (°F./in.) 
0.035 19 
0.135 25 
0.335 30 
0.535 39 
1.085 46 


Information on the infrared transmission of various 
glasses is also available to the reader.” 


* G. Gehlhoff and M. Thomas, ‘‘Temperature Measure- 
ment in Glass Furnaces,” Glastech. Ber., 4 [6] 210-19 
(1926); Ceram. Abs., 6 [7] 271 (1927). 

7G. Gehlhoff, W. Schneekloth, and M. Thomas, “Cur- 
rents and Temperatures in Glass Tanks,” Glastech. Ber., 
9 [1] 22-29 (1931); Ceram. Abs., 10 [7] 491 (1931). 

_* R. Halle, Eric Preston, and W. E. S. Turner, “ Distribu- 

tion of Temperature in Molten Masses of Colored and 
Colorless Glass,” Jour. Soc. Glass Tech., 23 {97] 171-96 
(1939); Ceram. Abs., 19 [4] 89 (1940). 

* R. L. Shute and A. E. Badger, “Effect of Iron Oxide on 
Melting of Glass,” Jour. Amer. Ceram. Soc., 25 [August 1, 
No. 12] 355-57 (1942). 

” (a) Glastechnische Tabellen, pp. 457-82. 

” (6) W. W. Coblentz, W. B. Emerson, and M. B. Long, 

Spectroradiometric Investigation of the Transmission of 
Various Substances,” Nat. Bur. Standards, Sci. Paper, No. 
325, 24 pp. (Aug. 8, 1918). 
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ll. Experimental Procedure 


(1) Experimental Setup 

The glasses were melted in a small furnace in which 
the side walls were well insulated (Fig. 1). The body 
of glass was 16 in. square and 12 in. deep, weighing 


-about 400 Ib. The furnace was made of flux block, 4 in. 


thick on the sides, and 4'/, in. of fire-clay brick, and was 
insulated on all sides with 9-in. super Sil-O-Cel brick plus 
2-in. Superex block. The heavy insulation was used to 
minimize the amount of lateral heat flow. The bottom 
was uninsulated. The furnace was fired by four Selas 
K-670 radiant burners set at an angle as shown in Fig. 1. 
A 1-in. hole in the center of the crown allowed a por- 
celain pyrometer tube to be raised or lowered as desired. 
Exhaust was obtained through the side, 4 in. above the 
glass and about 16 sq. in. in area. 

A closed-end porcelain tube, */, in. in diameter, was 
used for probing to the bottom of the furnace. For the 
“surface reading,” the surface was just touched, which 
resulted in surface tension that pulled the glass up about 
the closed end of the tube. Although this method gives 
some error of locating the surface reading, it was the 
most accurate method known. On darker colored 
glasses, this thermocouple reading checked closely with 
an optical pyrometer reading on the surface. Gradi- 
ents were taken only after the surface was free from all 
foam and bubbles. Probes were taken every inch or so 
to allow a curve to be plotted. 


(2) Glasses Used 

The following composition was used on all experi- 
mental glasses: SiO, 74.0, Na,O 16.0, CaO 10.0, and 
FeO; (by analysis) 0.035%. 

The surface temperature was adjusted to 2615°F. 
under a combustion condition of 0 to 2% of excess air 
except in one series (reduced iron) in which 0 to 1% of 
air deficiency was used. The amount of gas necessary 
to hold this temperature was also determined. 

The following glasses were studied and are reported 
herein: 


4 
\ 
| 
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(1) Flint, Decolorized and Undecolorized. 

(2) Iron Oxide Series: (a) 0.25%, 0.50%, 1.0%, oxi- 
dized (100%); (6) 0.25%, 0.50%, 1.0%, reduced (65% 
Pon and (c) miscellaneous iron greens, mixed. 

(3) Chromium greens: 0.25% Cr.O; as Cr,O; plus car- 
bon; 0.25% Crz0; as NazCr,O; plus sulfur; 0.20% Cr,0; 
as chrome ore; and 0.14% Cr,O; as iron chromite. 

(4) Light Cobalt Blue: 0.003% CoO. 

5) ium Pink. 

6) Cerium Titanium Topaz. 

7) Dark Purple: 1.2% MnO). 

8) Commercial Glasses: flint, decolorized; pyrites 
amber, plus carbon; light chrome green, chromite; light 
green, iron manganese; chrome emerald green, chromite; 
and dark green, iron manganese. 


(3) Colorant Analyses* 

For all determinations except FeO and CeOsz, the glass 
was decomposed with HF just under boiling tempera- 
ture with HNO; as oxidant and fumed with less volatile 
acid in presence of boric acid to expel the fluorides. 
Blank tests were made when necessary. 

(A) Total Iron as Fe,O;: Analyses were run on the 
HCI solution of perchlorate residue without precipita- 
tion and re-solution of R,O;. Colorimetric determina- 
tions were made by the thiocyanate method when the 
total iron was less than 0.1%; otherwise, determination 
was made by reduction with SnCl,, followed by poten- 
tiometric titration with ceric sulfate. 

(B) Chromic Oxide: Analyses were run on the solu- 
tion boiled with concentrated perchloric acid, cooled, 
reduced with an excess of ferrous ammonium sulfate, 
and back-titrated with potassium dichromate in the 
presence of phosphoric acid. The indicator was sodium 
diphenylamine sulfonate. 

(C) Manganese Oxide: After expelling most of the 
HF with phosphoric acid, the manganese was oxidized 
to permanganate by boiling in a solution containing 
phosphoric acid, sulfuric acid, boric acid (to complex the 
residual fluoride), and sodium periodate. Excess 
periodate was precipitated with mercuric nitrate and 
filtered through a fritted glass funnel. The permanga- 
nate in the solution was reduced with an excess of ferrous 
ammonium sulfate and back-titrated with potassium 
permanganate. 

(D) Ferrous Oxide: The glass was decomposed with 
HF and H,SO, at room temperature under cover of CO, 
in a polystyrene flask. Free fluoride ions were com- 
plexed by addition of a great excess of boric acid crys- 
tals. Ferrous oxide (FeO) was then titrated with ceric 
sulfate with a microburet, using orthophenanthroline 
ferrous complex as indicator. 

(E) Ceric Oxide: If no color developed when the 
indicator was added in a determination of FeO, the solu- 
tion was titrated to the appearance of color with ferrous 
ammonium sulfate. The oxidation equivalent was 
taken to be excess ceric ion and calculated as CeO». 

(F) Ferric Oxide: Ferric iron was calculated from 
the results of total iron and ferrous iron determinations. 


lll. Discussion 
(1) Iron Series 


First efforts to obtain the iron yellows were not suc- 
cessful because of insufficient oxidation. On the basis 


* Analyses by Paul Close and F. R. Bacon. 


S Measured temp. CF) 


72/ 158 
0 4 6 
Distance below glass surface(in) 
Fic. 2.—Iron oxide glasses; R curves, reduced; O curves, 
oxidized. 


of color, the use of arsenic pentoxide, antimony pent- 
oxide, ammonium sulfate, and sodium nitrate was un- 
satisfactory. The sulfates were ineffective as indicated 
by color, and the sodium nitrate and arsenic and anti- 
mony pentoxides were only partially effective. When 
ceric hydrate was tried in amounts three times the 
weight of the iron oxide, yellow colors with no tint of 
green were obtained. 

Analyses were made for excess ceric oxide because it 
was assumed that there would be no ferrous oxide in its 
presence. These analyses are shown in Table I. Total 
iron as ferric oxide was also determined. The colors of 
these oxidized iron glasses were, respectively, faint 
yellow ('/,%), a straw yellow ('/,%), and a light straw 
amber (1%). 

The question may well be raised as to whether the 
ceric hydrate alone would affect the temperature gradi- 
ent. Two melts with 0.1 and 1% of ceric hydrate (no 
added iron oxide) were made up. The first was color- 
less, and the 1% glass was a faint yellow. Its effect on 
the gradient was considered negligible, particularly in 
view of the gradient obtained on the topaz glass (see 
section III (4)) whose content of CeO, is within the 
same range. 

The reduced iron series samples were made by adding 
carbon in an amount equal to 40% of the iron oxide 
used. These were melted under 0 to 1% of air defi- 
ciency. The analyses indicated about 65% of the total 
iron to be present in the ferrous state. These glasses 
were, respectively, aqua ('/,%), medium greenish aqua 
(*/2%), and dark greenish blue (1%) in color. 
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Taste I 
Grasses CoLoRED WITH Iron OxipE* 
Analysis 
Ingredients added (%) 
Series Ce(OH)s Coal FeO as CeO: Gradient required 
Oxidized 0.25 0.78 < 0.29 0.29 0.03 19.6 210 
0.50 1.56 0.55 0.55 0.16 29.9 190 
1.00 3.12 1.02 1.02 0.32 39.3 178 
Partially 0.25 0.11 0.13 0.25 39.5 173 
oxidized 0.50 0.91 0.07 N.d.t N.d.t 35.1 170 
Reduced 0.25 0.10 0.15 0.12 0.29 48.0 164 
0.50 0.19 0.35 0.16 0.55 72.1 158 
1.00 0.38 0.69 0.23 1.00 93.3 148 
Flint N.d.f 0.035 10.3 204 


* Combustion atmosphere: 0 to 0.2% excess air except reduced iron glasses which were under 0 to 1% air deficiency. 


t Not determined. 


2600 
4 > sequired 
2 
1229 190 
395 173 
BL 
§ 
\ 
h 1 l 1 1 72./ 158 
& 


Distance below glass surface lind 
Fic. 3.—Ferrous-ferric glasses. 


The results given in Table I are plotted in Fig. 2, and 
these data show that the iron blues have gradients ap- 
proximately 2.4 times those of the iron yellow gradients 
(Fig. 4). From these two experimental curves, a de- 
rived curve, which represents all of the iron in the fer- 
rous state, was calculated. This is the top curve in 
Fig. 4. From the two extreme curves, a curve repre- 
senting 25% of the iron in the ferrous state is shown. 
This is more or less typical of the condition existing in 
the greater share of the glasses which have been studied 
(unless a reducing agent such as carbon or sulfur has 
been added to the batch). 

Figure 3 shows some interesting curves representing 
various degrees of reduction and the pronounced effect 
on the gradient. The gas consumption figures decrease 
as the gradient decreases. 

The obvious conclusion is that iron oxide is a powerful 
colorant and materially reduces the temperature 
through the glass. Ferrous iron exerts much more in- 
fluence than ferric iron. 


(1943) 


/20 


(00% Fed 
/00 
off 
S00 
: 3 
/ 
a2 Q4 06 a8 10 
Total Fe 
Fic. 4.—Iron oxide glasses. 
L 
§ 
2 i i L iL i 
0 2 4 6 8 “/ 
Distance below glass surface in) 


Fic. 5.—Flint glasses; curve A, undecolorized flint; 
curves B, decolorized flint. 
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Taste II 


Grasses CoLorRep wiTH Curomrum Compounps (Meprum Greens)* 


Analysis (%) 

x Total Fe sds Gas 
Coloring agents FeO Fe:0O; as FexO: CriOs Gradient required 

Chrome ore 0.046 0.15 0.20 0.20 54 187 

Theoretical 
0.25 Cr,0;-0.09 C (%) 0.04 0.25 50 186 
0.38 Na:Cr,0,-0.04 S (%) 0.04 0.25 49 177 
* Combustion atmosphere: 0 to 2% excess air. 
Taste III 
MISCELLANEOUS COLORED GLassEs* 
Analysis (%) 
Color Coloring agents (%) ‘FeO Fe:O: MaQ Gradient required 
Undecolorized flint None N.d.t 0.035 10.0 

Decolorized flint Selenium, cobalt, arsenic - 0.035 10.3 204 
Light cobalt blue CoO 0.003 ad N.d.t 8.0 241 
Pink Selenium o - 7.8 230 
Topaz Cerium-titanium = = 12.5 243 
Dark purple MnO, 1.2 as 0.067 0.86 19.3 194 


* Combustion atmosphere: 0 to 2% excess air. 
t Not determined. 


TaBLe IV 


Temperature Data (°F.) For Commercial TANK GRADIENTS* 


Crown 
Glass couple 

Flint 2710 2671 
Light chrome green 2800 2730 
Pyrites amber 2740 2700 
Light iron-manganese green 2715 
Chrome emerald green 2790 2760 
Dark iron-manganese green 2740 2690 


Thermocouple reading (depth) 


- Gradient 

In flame 1'/; in. 26'/2 in. (°F./in.) 
2860 2655 2465 7.6 
2885 2630 2355 11.0 
2810 2655 2115 21.6 
2795 2625 2050 23.0 
2880 2650t 2020 25.2 
2775 2500 1730 30.8 


* Melter depth: All 42 in. except iron-manganese greens (both light and dark) which were 36 in. deep. 


t Actual reading, 2675°F., obviously in error (see Fig. 9 where this value appears best from curve). 


TABLE V 
LABORATORY VERSUS COMMERCIAL MEASUREMENTS 


Glass Coloring agents 
Flint Se-Co-As N.d. 
Light chrome green Chromite 0.013 
Amber Pyrites-sea coal 0.15 
Light green Iron-manganese 0.23 
Chrome emerald Chromite-sulfur 0.12 
Dark green Iron-manganese 0.63 


(2) Flint Glasses 

Figure 5 presents gradients on undecolorized and de- 
colorized flint glasses. Although the decolorizing agents 
improved the color, their effect on the gradient for the 
first inch of depth is noted. One curve is also presented 
on the flint with a surface temperature of 2210°F. The 
gradient has been reduced as was to be expected. 


(3) Chromium Greens 

Figure 6 and Table II present data on medium green 
glasses made from Cr,O;, from NaeCr,O;7, and from 
chrome ore. The effect of the small amount of iron 
oxide in the chrome ore is obvious. The gradient result- 
ing from '/4% of Cr2O; in the glass is about the same as 


0.035 10.3 7.6 
057 0.072 0.016 18.7 11.0 
01 0.18 50 21.6 
65 0.90 0.92 66 23.0 
09 0.22 0.14 71 25.2 
0.97 98 30.8 


that obtained for tlie glass containing '/,% of iron blue. 
The visible color intensity, however, is considerably 


greater. 


(4) Miscellaneous Glasses 


Cobalt blue (0.003% of cobalt oxide), approximately 
a sky blue color, yielded a gradient smaller than that of 
flint glass (Fig. 7 and Table III). The same gradient 
was observed for selenium pink glass. Both of these 
glasses gave results of about 8°F. per in. of gradient as 
compared with 10°F. for flint glass. The visible color or 
transmission is obviously no criterion of the infrared 
transmission. Some experimenters may question these 
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Fic. 6.—Chromium glasses. 
nN 

2003 

M03 204 

243 

§ 

2300 i i 1 i i 


Distance below glass surtacetin) 


Fic. 7.—Miscellaneous glasses. 


results although they are definite and are many times 
that of the experimental error. 

The topaz glass yielded a gradient of about 12°F. 
per in., which is slightly greater than that for flint glass. 
The manganese purple glass was quite deep in color, but 
it yielded a rather low gradient (19°F. per in.). 

Visible color is no criterion of gradient, as has been 
shown in section III (1); a comparison of the topaz 
glass (with a gradient of 12.5° F. per in.) with a 1% fer- 
ric oxide glass (with a gradient of 40°F. per in.) further 
illustrates this fact. The colors do not match, but 
they agree in intensity and both are yellows. A similar 
comparison can be made for the cobalt blue glass (with 
a gradient of 8°F. perin.) and the 0.5% ferrous blue 
glass (48°F. per in.). 


(5) Commercial Glasses 

The laboratory results are shown in Table V and Fig. 
8. No comment is necesary other than that there is a 
wide range of gradients. 


(6) Commercial Tank Gradients* 


Commercial tank gradients were taken with a water- 
cooled thermocouple assembly, 11 ft. long, inserted 
down through the crown in a commercial tank. The 

* These results were obtained in cooperation with R. D. 


Duff and O. W. Pfeifer at the Owens-Illinois factory, 
Streator, Illinois. 
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Fic. 8.—Commercial glasses (laboratory furnace): 
curves (A) flint, (B) light chrome green, (C) amber, 
(D) light green (Fe-Mn), (EZ) chrome emerald green, and 
(F) derk green (Fe-Mn). 


assembly held a platinum protection tube, '/s in. in 
diameter and 5 in. long, into which was inserted a 
platinum-platinum rhodium thermocouple. This latter 
was connected to the compensating lead wire within the 
water-cooled section. The distance from the water- 
cooled portion of the assembly to the measuring junc- 
tion was 4'/, in. Thermocouple sheath blocks, located 
in the center of the crown between the second and third 
ports, were removed, and the water-cooled assembly was 
lowered into the furnace with a chain block. When the 
platinum tube made contact with the glass, the immer- 
sion was recorded as '/; in. Because there is always 
some doubt as to the exact location of the probe in rela- 
tion to the surface, '/, in. is as close as it_can be esti- 
mated. Readings were taken only after the thermo- 
couple had shown constant temperature. Such read- 
ings were made every inch near the surface and at less 
frequent intervals at greater depths. The water-cooled 
assembly was graduated in inches and reference was 
given to a fixed point on the crown. 

The results are shown in Fig. 9 and in Tables IV and 
V. There are undoubtedly two errors in this work, (a) 
the proximity of the water-cooled section to the thermo- 
couple and (6) the presence of batch or foam on the 
surface. The latter error probably caused the erratic 
results on amber glass at levels from 2'/; to 9 in. deep. 


403 
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Fic. 9.—Commercial tank gradients: curves (A) flint, 
fe light chrome green, (C) pyrites amber, (D) light green 
Fe-Mn), (£) chrome emerald, and (F) dark green (Fe-Mn). 


No explanations can be given for other breaks in the 
curves. 

The average gradients between 1'/; and 26'/; in. are 
shown in Table IV. In Table V and Fig. 10, these data 
are correlated with the laboratory results on the same 
glasses. The agreement is direct, but the gradients are 
much smaller in the commercial tanks. This decrease, 
perhaps, may be attributed to deeper glass as well as 
to convection currents, which are negligible in the lab- 
oratory tank but may be quite pronounced in the large 
commercial tank. 


IV. Results and Conclusions 

(1) Temperature-gradient tests on iron glasses with 
iron in the reduced state indicate the gradients to be 
about three times as great as in the ferric state. 

(2) Chromium oxide glasses (up to 0.25% Cr2Os) 
have about the same gradient as equivalent percentages 
of ferrous oxide. 

(3) Manganese does not increase the gradient as 
much as other oxides giving similar visible color intensi- 
ties. 

(4) Asmall amount of cobalt yields a sky blue color 
but decreases rather than increases the flint gradient; 
similar results are found with a selenium pink. 

(5) Decolorization of flint glass increases the gradi- 
ent in the first inch of the glass surface with little effect 
at lower depths. 

(6) Colors can be near matches although the glasses 
have radically different gradients; the visible cvlor or 
color intensity likewise is no criterion of the gradient ex- 


(7) A crude relationship exists between the gradient 
and the amount of gas consumed to maintain a 2615°F. 
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Fic. 10.—Gradients in commercial tank and experimental 
furnace (°F. per in.). 


surface temperature; the higher the gradient, the lower 
the amount of gas required; under similar gas consump- 
tion, the higher the gradient, the higher the surface tem- 
perature. 

(8) There is a direct relation between the laboratory 
gradients presented here and those existing in commer- 
cial furnaces. 

(9) The development of colors with lowered gradi- 
ents is to be desired in conjunction with this work. 

The relationship, if any exists, between the gradients 
and other melting problems, such as the amount of gas 
required, surface temperature, loads possible, devitri- 
fication and stone losses, and stone solution are being 
studied. 
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ELECTRICALLY FUSED FORSTERITE-OLIVINE, 


By THE ELECTROTHERMAL SECTION OF THE ELECTROTECHNICAL LABORATORY f 


ABSTRACT 


North Carolina olivine was melted in the electric arc-resistance furnace, with simul- 
taneous reduction of the iron (fayalite) components, to form a product consisting es- 


sentially of crystalline forsterite. 


The forsterite obtained from olivine by reduction was 


contaminated by clinoenstatite or a siliceous glass unless MgO or CaO was added to the 
charge. Silica, present in excess of orthosilicate proportions, was not eliminated by car- 
bon reduction. Simultaneous reduction or vaporization of MgO prevented increase in 
the MgO to SiO, ratio by carbon reaction. Addition of theoretical amounts of MgO to 
the melt to produce forsterite completely eliminated the clinoenstatite and siliceous 
glass and resulted in an abrupt increase in high-temperature load-bearing strength. The 
presence of lime was detrimental to high-temperature load-bearing strength. 


|. Introduction 

Relatively pure forsterite has not been used in re- 
fractories in the past because it has not been available 
in quality and quantity suitable for practical tests. 
Forsterite does not occur naturally in a pure form, but, 
in isomorphous combination with fayalite, tremendous 
quantities appear as dunite olivine in the State of 
Washington' and in the Appalachian Mountain areas 
of North Carolina and Georgia. The eastern de- 
posits are located strategically within reach of Pitts- 
burgh and Birmingham, the principal steel-producing 
centers. 

The melting point of forsterite has been determined 
by Bowen and Andersen* to be 1890° + 20°C. (Fig. 1) 
in connection with their study of the complete MgO- 


SiO, system. Crystallization of forsterite from a 
fused melt is extremely rapid with the formation of 
large, well-formed crystals, which may be either of the 
interlocking or friable type depending on conditions 
and rate of cooling. 

Basic roof construction for basic, open-hearth fur- 
nace installations has long been a dream of the steel 
industry, and higher operating temperatures for 
these furnaces, though desirable, have been pro- 
hibited because of the melting point of silica brick 
now used in roof construction. Basic-type super- 
refractories are needed also in many other applications. 
The basic character of forsterite, as well as its high 
melting point, has prompted this investigation of its 


preparation and properties. 


PART |, DIRECT REDUCTION OF OLIVINE 


ll. Materials and Process 

(A) Olivine: Mineralogically the group term “‘oli- 
vine” includes orthosilicates of divalent bases crystal- 
lizing in the orthorhombic system.‘ The group is 
represented by the formula (Mg, Fe, Mn, Ca)(Mg, Fe, 
Mn, Zn, Pb)SiO,, with the following recognized end 
compounds: Forsterite, Mg.SiO,; fayalite, Fe:SiO,; 
tephroite, Mn,SiO,; monticellite, CaMgSiO,; glauco- 


* Received June 24, 1943. 

Published by permission of the Director, Bureau of 
Mines, U. S. Department of the Interior; the work was 
done under cooperative agreement with the Tennessee 
Valley Authority. 

t Robert R. Ralston, electrochemical engineer; Mc- 
Donald S. Nelson, assistant electrothermal engineer; 
George W. Leever, electrician; Dan F. Allen, junior physi- 
cal science aide; Earl F. Nichois, principal electrothermal 
technician. 

’ Hewitt Wilson and K. G. Skinner, “Review of Four 
Years of Research on Refractory Properties of Pacific 


Northwest Olivine,” Jour. Amer. Cevam. Soc., 23 [5] 
136-38 (1940). 

?C. E. Hunter, ‘‘Forsterite-Olivine Deposits of North 
Carolina and Georgia,” N. C. Dept. of Conservation and 


Development Bull., No. 41, 117 pp. (1941). 

N. L. Bowen and O. Andersen, ‘ ‘Binary System MgO- 
SiO2,” Amer. Jour. Sci., 37, 487-500 (1914). 

*A. N. Winchell, Elements of Optical Mineralogy: 
II, Description of Minerals, 3d ed., p. 186 f. John Wiley & 
Sons, Inc., New York, 1933. 450 pp.; Ceram. Abs., 13 
{8} 221 (1934). 


(1943) 


chroite, CaMnSiO,; and larsenite, PbZnSiO,.* 

The mineral commonly called olivine consists of an 
isomorphous combination of forsterite (Mg,SiO,) 
and fayalite (Fe.SiO,), which within the range of 5 to 
25% of fayalite is termed chrysolite.* In addition to 
secondary minerals formed by alteration, such as 
serpentine and chlorite, olivine is commonly asso- 
ciated with several primary minerals, including chro- 
mite, bronzite, and enstatite. A typical olivine analy- 
sis is presented in Table I. 

Olivines from several Appalachian sources were 
examined, but those containing appreciable alteration 
products were eliminated because of their higher 
silica-to-magnesia ratio inasmuch as the surplus silica is 
difficult to remove. Loss on ignition served as a 


5 E. S. Larsen and H. Berman, “Microscopic Determina- 
tion of the Nonopaque Minerals,” Geol. Surv. Bull., No. 848, 
254 pp., 1934; 2d ed., p. 239; Ceram. Abs., 13 [7] 196; 
{8] 221 (1934). 

* (a) A. N. Winchell, Microscopic Characters of Arti- 
ficial Inorganic Solid Substances or Artificial Minerals, 
2ded.,p.291. John Wiley & Sons, Inc., New York, 1931. 
403 pp.; Ceram. Abs., 11 [5] 323; [8] 468 (1932). 

(6) E. S. Dana, System of Mineralogy, 6th ed., pp. 
449-56. John Wiley & Sons, Inc., New York. 1134 pp. 

(c) E. H. Kraus, W. F. Hunt, and L. S. Ramsdell, 
Mineralogy: Introduction to Study of Minerals and Crys- 
tals, 3d ed., p. 346. McGraw-Hill Book Co., Inc., New 
York, 1936. 638 pp.; Ceram. Abs., 16 [5] 160 (1937). 
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PERICLASE 
+LiQuid B 1890 
LIQUID A. 
Liquios 
5 PERICLASE 
CULINOENSTATITE 
557° D / 8 
Nor, 20 40 60 80 100 
MgO - S:0, 
Fic. 1.—Mg0O-SiO, system (after Bowen and Andersen,’ 
revised by Greig). 
Taste I 
Outvine COMPOSITION AND CALCULATED REDUCTION 
- bon 
Assumed stituents uired 
actual to or 
anal composition reduced uction 
(%)* ) (%) (parts) 
SiO, 42.6 42.6 7.9 3.2 
Fe,O; 8.0 
FeO 7.2 7.2 1.2 
Al,O; 1.5 1.5 
CaO 0.1 0.1 
MgO 46.6 46.6 
Ignition loss 1.4 1.4 
Cr20; 0.5 0.1 
NiO 0.2 0.2 0.1 


100.2 100.1 4.6 
* Analysis supplied by John Boyd, chief chemist, United 
Feldspar and Minerals Corp., Spruce Pine, N. C. 

Not reported. 

Small amounts of Cr,O; and NiO have been found 
consistently in North Carolina olivines by analysts of the 
Mineral Testing Laboratory, Tennessee Valley Authority, 
Norris, Tenn. 


useful criterion of the degree of alteration because the 
commonly occurring products (serpentines, talc, etc.) 
are hydrated. 

(B) Carbon: Crushed graphite electrode waste de- 
rived from petroleum coke containing less than 0.3% 
of ash was used for reduction. 

(C) Iron Turnings: Iron and steel shavings from a 
local machine shop were added to some of the early 
melts to assist in collecting and settling the ferro- 
silicon droplets resulting from the reducing process. 
This metal addition, however, was ineffective in small- 
scale furnacing and was discontinued. 

(D) Furnace Reactions: To form forsterite, the 
46.6 parts of magnesia present in 100 parts of olivine 
would require 34.7 parts of silica (Table I), leaving an 
excess of 7.9 parts of silica. If not otherwise com- 
bined, this excess silica is capable of producing 26.4 
parts of clinoenstatite in the product by reaction 
with the forsterite. 
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Fic. 2.—Arc furnace in which smallest samples were 
melted and reacted; capacity, about 50 Ib. 


Clinoenstatite has an incongruent melting point of 
1557° + 2°C. (as compared with 1890°C. for for- 
sterite*); this constituent was therefore considered 
objectionable in refractory bodies and its elimination 
was undertaken. 

Iron oxide was observed to be easily and completely 
reduced by carbon during furnacing, and the small 
amounts of chromium and nickel components were also 
believed to be reduced. Assuming that the iron present 
in olivine is largely ferrous, addition of 1.2% of carbon 
(Table I) theoretically should reduce it to the metallic 
state. The analysis of typical metal produced by 2% 
carbon additions indicated that the iron was effectively 
reduced and that lesser amounts of silicon were con- 
tributed to the metal by reduction of SiO,. Fusion of 
olivine with 2% of carbon, however, invariably gave a 
product containing an appreciable amount of glass and 
clinoenstatite and indicated the presence of more un- 
reduced silica than could be combined as forsterite. 
An increase in the carbon content of the charge to 5% 
lowered the amount of clinoenstatite produced but did 
not eliminate it. A ferrosilicon containing 10 to 20% 
of silicon was obtained. Further increase in the carbon 
resulted in no further reduction of silica. 

(E) Furnaces: Olivine, alone or in combination with 
other batch constituents, was easily fused in several 
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Electrically Fused Forster :te-Olivine 407 


Fic. 3.—Pig of fused forsterite melted in 20- by 20-in. 
air-cooled furnace shell; weight approximately 300 Ib.; 
note ferrosilicon button taken from bottom of melt. 


TaBLe II 
OPTICAL PROPERTIES OF FORSTERITE* 


No. oe Alpha Beta Gamma 
Pure synthesized forsterite 
1.6359 1.6507 1.6688 
Electric-furnace melt 
1.635 1.650 1.669 


Cc 
© 1.64 1.65 1.67 


* The properties of the pure synthesized forsterite are 
from Bowen and Schairer’; those of electric-furnace melt 
No. 9, by G. T. Faust; and melts Nos. 85, 100, 193, 196, 
197, and 198-R, by T. N. McVay. 

+t F, forsterite; C, clinoenstatite; P, periclase; G, 
glass; SS, solid solution monticellite-forsterite. 


types of electric furnaces, including the indirect-arc, 
direct-arc, and smothered-arc (or arc-resistance). 
The greater part of the work on olivine fusion has uti- 
lized the latter type of furnace because of its inherently 
high thermal efficiency and simplified structural re- 
quirements. The furnace shells were usually air 
cooled because the melts were small and the unreacted 
mix was refractory enough to protect the shell during 
average fusions (Fig. 2). Cylindrical steel shells, 20 
in. in diameter and 20 in. deep, were used for larger 
melts. The electrodes contained artificial graphite and 
were either 2 or 3 in. in diameter. 

(F) Products: The forsterite melts, in general, 
solidified into pigs consisting of tough, dense shells 
surrounding porous or cavitated zones (Fig. 3). Crys- 
talline structure varied considerably with composition 
and cooling conditions. The minerals commonly 
present were readily detected and identified by petro- 
graphic methods. A button of metal usually formed 
in the bottom by gravity settling (Fig. 3), and un- 
settled metal when sufficiently magnetic was removed 
by magnetic separation. 


(1043) 


Fic. 4.—Typical cross-fractured appearance of 
clinoenstatite surrounded by forsterite in thin section ; 
fusion 100, melted olivine; crossed nicols, < 50. 


III 
Hot-Loap RESISTANCE OF BonpED, GRANULAR 
FORSTERITE 
T . at shear under 
Speci- “26 ib_/in Cc) 
No. Composition (parts) Cre Min. Max. Avg. 
o. 
0 = Original olivine 100 2 1500 1500 1500 
1s Forsterite* 100 10 1408 1497 1458 
1A Forsterite* 95 
Raw dolomite 5 1 1321 
1B Forsterite* 95 
Magnesia 5 1 1450 
2 ~=s*Forsterite* 90 
Magnesia 6 7 1470 1500 1490 
Silica 4 
3 =sCForsterite* 92 
Chrome cement t 4 8 1382 1440 1410 
Raw dolomite 4 
4+ Forsterite* 
Aluminouscement{ 5 8 1500 1640 1576 
Magnesia 5 
4A Forsterite* 86.5 
Aluminouscement{ 13.5 2 Slumped at 1585° 
without load 
Forsterite* 90 
Aluminouscement{ 5 8 1515 1585 1554 
Calcined dolomite 5 
6 Forsterite-clinoen- 
statite§ 95 
Magnesia 5 8 1815 1505 1438 


* Contained not more than 2 to 5% of clinoenstatite 
and glass. 
Commercial chrome-base refractory cement. 
Commercial calcium aluminate hydraulic cement. 
Contained 10 to 15% of clinoenstatite and glass. 


Although forsterite crystallized rapidly from melts 
of widely varying composition, the crystallization of 
clinoenstatite appeared to be slow and incomplete, 
resulting in a fibrous development of clinoenstatite 
microlites in glass. The existence of such material 
was easily detected microscopically, although accu- 
rate Getermination of optical properties was not possible. 
Figure 4 illustrates the characteristic appearance of 
clinoenstatite as observed in thin section. 


< 
j 
100 
193 F, P “ 
196 F,SS “ 
107 F, SS, G 
198-R SS “ 


The melted charge was allowed to cool as a pig in the 
furnace or it was electrocast into molds, depending on 
the desired use. 

(G) Forsterite-Clinoenstatite: Forsterite with asso- 
ciated clinoenstatite was easily prepared by electric- 
furnace melting of olivine and simultaneous reduction 
of the iron-bearing components to metallic iron. 
Forsterite obtained by complete removal of combined 
iron from olivine had optical properties in agreement 
with those of the pure compound as determined by 
Bowen and Schairer,’? regardless of other phases 
present in the system (Table II). Although the iron 
component was easily reduced, the unwanted silica 
was not expelled by reduction. Addition of 5% of 
carbon lowered the undesired SiO, to less than 2%. 
Additions of 7.5, 10, and 15% of carbon were not 
effective in reducing silica further, and long-continued 
furnacing with excess carbon did not provide a notice- 
able decrease in the amount of clinoenstatite. In no in- 
stance was free magnesia produced by carbon reduction 
of olivine. 

Extrapolated data by Bowen and Schairer* show 
that pure forsterite has a melting point about 120°C. 
higher than an olivine containing 10% of fayalite. 
Removal of fayalite from the olivine therefore repre- 
sents a distinct improvement in refractoriness. 

(H) Ferrosilicon: Reduction of iron oxide and silica 
resulted in the formation of ferrosilicon which collected 
more or less completely in the form of a button at the 
bottom of the melt as shown in Fig. 3. 


lil. Tests 

Ability to withstand load at high temperature was 
adopted as the basis for comparison of the various for- 
sterite refractories. Each individual fusion was cleaned 
of adhering unmelted charge and was jaw crushed 
to pass a 4-mesh screen, although accurate particle 
sizing was not attempted. Standard 9-in. brick were 
pressed on the 9- by 4'/,-in. surface at 7400 lb. per sq. 
in. and fired without load to various temperatures be- 
tween 1600° and 1700°C. before load testing. Varia- 
tions of 100° in the original firing temperature produced 
no correlative effect on hot load strength. 

The load tests were conducted in electric furnaces 
described previously.* Samples, under a load of 25 
Ib. per sq. in., were heated by a spiral graphite element 
in a strongly reducing atmosphere at a rate of 150° per 
hour until failure occurred by shear. Temperature 
readings were obtained by sighting an optical pyrome- 
ter on the side of the brick and were assumed to be 
accurate within + 10°C. 


IV. Results and Conclusions 


Out of more than 70 compositions that were made up 
and given preliminary tests, ten of the most promising 
were selected for more extensive tests. Data on these 


7 N. L. Bowen and J. F. Schairer, “System MgO—FeO- 
SiO2,”’ Amer. Jour. S¢i., 29, 151-217 (1935), p. 196; Ceram. 
Abs., 15 [9] 288 (1936). 

® See p. 163 of footnote 7. 

*M. S. Nelson and R. R. Ralston, ‘Design and Opera- 
tion of Electric Load-Test Furnace,’’ Jour. Amer. Ceram. 
Soc., 26 [February 15, No. 4] 112-16 (1942). 
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Fic. 5.—Softening temperatures versus composition 
of 9-in. MgO-SiO, brick under 25 Ib. per sq. in.; olivine- 
magnesite fusions. 


specimens are presented in Table III. These tests 
included attempts to develop bonding action by re- 
crystallization of forsterite (composition 1), by syn- 
thesis of forsterite during firing (compositions 1A, 
1B, 2, and 6), and by addition of refractory cement 
mixtures (compositions 3, 4, 4A, and 5). 

Efforts to obtain the recrystallization and synthesis 
of forsterite bond by continued heating alone were 
unsuccessful. A brick prepared by heating for 45 
hours at 1500° to 1700° sheared in the load test at 
only 1470°C. The best refractory bonding action 
was obtained by the use of small amounts of calcium 
aluminate cement with the addition of magnesite or 
dolomite although these compositions were only 
slightly better in the load test than the original raw 
olivine alone. 


V. Summary 

(1) Forsterite containing clinoenstatite or sili- 
ceous glass did not produce acceptable refractories by 
any method of bonding used in these experiments. 

(2) Ferrous iron was easily and completely reduced 
from olivine by carbon during furnacing, but silica 
in excess of orthosilicate proportions was only partly 
reduced. The surplus silica contributed clinoenstatite 
and glass, which lowered the high-temperature load 
resistance of the forsterite below that of the original 
olivine. 

(3) Both magnesia and silica showed appreciable 
loss by vaporization from small arc furnaces under 
reducing conditions. 

(4) Forsterite crystallized easily and rapidly from 
melts of MgO-SiO, compositions containing more 
than 45% of MgO. 

(5) Pressed, granular forsterite did not recrystallize 
readily to provide a bond at temperatures up to 
1700°C. nor did MgO and SiO, ingredients react to 
form forsterite when fired to 1700°C. No correlation 
between prefiring temperatures and hot load strengt) 
was observed. Long and repeated firings did not in- 
crease load resistance. 
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Electrically Fused Forsterite-Olivine 
PART Il, MgO AND CaO ADDITIONS 


The phase diagram of Fig. 1 predicts that any 
MgO-SiO, composition lying between 42.7 and 61% of 
SiO, will develop a liquid phase at the incongruent 
melting point of clinoenstatite (1557°C.). With rapid 
cooling of such compositions, however, it is possible 
that equilibrium conditions are not achieved during 
cooling and that the last liquid in the melt will corre- 
spond to the eutectic composition solidifying at 1543°C. 
A glass phase will also appear with rapid cooling but 
on subsequent reheating may be converted to for- 
sterite and clinoenstatite. Compositions containing 
silica in excess of forsterite proportions should there- 
fore be expected to develop liquid when they are heated 
above 1557° or (under nonequilibrium conditions) 
as low as 1543°C. The temperature at which liquid 


TABLE IV 
ANALYSES OF Raw MATERIALS 


may form is further lowered by impurities present 
in olivine. 

Compositions of forsterite, however, containing 
free MgO are shown by Fig. 1 to develop liquid only 
when heated to 1850°C. or above. To capitalize 
on this advantage, the work originally undertaken has 
been extended to cover investigation of the effects of 
MgO and CaO when melted with olivine. 


(1) Forsterite-Periclase Tests 

Addition of calcined magnesite (Table IV) to arc- 
furnace fusions of olivine was therefore investigated 
as a means of assuring complete absence of clincen- 
statite. If the silica required to combine as for- 
sterite with all of the MgO in 100 Ib. of olivine is sub- 
tracted from the total SiO, content, 7.9 Ib. of un- 
combined SiO, remain, which would require 11.4 Ib. 
of calcined magnesite (94% MgO) for its conversion 
into forsterite. 


(Burns- ‘ Dolomite _Limestone Table V shows compositions charged to each fusion 

Team) le, as well as results of microscopic examination and load 

SiO. 42.6 1.00 2 36 1.17 tests. The presence of free periclase in the fusion 

ALO; 1.5 0.08 0.31 products coincided with greatly improved load resist- 
FeO; 0.03 0.23 ance at high temperatures. 

— 7.2 0.001 The plot of load-test softening temperatures versus 

Ca 0.1 1.10 27.36 54.46 composition (Fig. 5) emphasizes the benefit and 

MgO 46.6 93.79* 21.56 0.52 necessity of free periclase in forsterite for high-tempera- 

Ignition loss 1.4 4.00 41.03 42.43 ture, load-bearing service. Reduction of the iron with- 

out replacement by MgO resulted in failure at a 

12 temperature below that of the original olivine. With 

* By difference. additions of MgO insufficient in amount to convert 

V 


OLIVINE-MAGNESIA FusIONS 


Charge composition 


: (parts by wt.) Mineral components of product* No load 

Fusion — ~ prefiring Temp. at 

No. Olivine Carbon Magnesia Principal Minor Trace (< 1%) temp. (°C.) shear (°C.) Avg. 
t 100 2 0 F G 1623 1465 
1635 1463 

1600 1471 1462 
1600 1455 

191 100 5.2 5.2 F G,C 1500 1470 1470 

1565 1470 

190 100 0 5.3 1605 1515 1515 

218 100 5 8 F G 1500 1430 1433 
1.00 1435 

219 100 5 10 F G 1500 1450 1455 
50 

192 100 0 11.1 F G,C 1600 1468 1471 
1475 

85 100 2.2 11.1 F P 1500 1625 1620 
1615 

106 100 2.3 11.4 F P 1260 1630 1660 
1600 1690 

220 100 5 12 F G, P 1500 1540 1560 
1500 1580 

228 100 5 14 F P 1500 1685 1695 
1500 1705 

229 100 5 16 F P 1500 1755 1748 
1500 1740 


* Determined microscopically; F, forsterite; G, glass; C, clinoenstatite; P, periclase. 


t Mixture of several early melts. 


(1943) 
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Fic. 6.—Magnesio-wiistite inclusions in forsterite resulting from MgO addition to olivine in melt 
No. 106; crossed nicols, X50; (A) original appearance, small colorless to light brown magnesio- 
wiistite globules and dendrites at center; (B) after reheating in oxidizing atmosphere, dark brown 
to opaque magnesio-ferrite dendritic inclusions. 


Op 


CaO 
3Ca0-2Si0, 1890R2Mg0-Si 0, 
SiO 1850 
2130 2 
2CaO- SiO, 
3CaO0-SiO, 
Cad NZ NZ NZ NZ MZ NZ \Z MgO 
2570 2300 2800 
MgO 2S:i0, B=5Ca0 2 MgO 6G Si Op 
$i CaO-MgO 


Fic. 7.—CaO-MgO-SiO; system (after Ferguson and Merwin’®). 
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Electrically Fused Forsterite-Olivine 411 
Tasie VI 
Fusions 
msn Mineral components of products* 
Fusion - © load Temp. at 

No. Olivine Carbon Rawdolomite Principal Minor Trace (< 1%) temp. (°C.) shear (°C.) Avs. 

194 100 0 11.1 F G 1500 1375 1398 
1620 1430 

86 100 2.2 11.1 F G 1500 1390 1388 
1500 1385 

129 100 5.9 11.1 F G 1450 1463 
we 1700 1475 

108 100 2.3 11.4 F G 1550 1385 1393 
1550 1400 

213 100 5 25 F Deformed 1425 1420 
hes at 1500 1415 
119 100 6.6 26.7 F G 1250 1521 
1250 1478 

1700 1585 1541 
1700 1580 

196 100 0 33 F G 1500 1400 1390 
1500 1380 

214 100 5 35 F G 1500 1550 1550 
1500 1550 
122 100 7.7 46.2 F P 1565 
1565 
1600 1610 

1700 1620 1578 
1600 1615 
1250 1525 
1250 1545 

226 100 10 50 F G, P 1500 1535 1545 
1500 1555 

225 100 § 50 F G, P 1500 1575 1550 
1500 1525 

224 100 0 50 F G, P 1500 1565 1550 
1500 1535 

227 100 5 75 F ) Deformed 1510 1510 
at 1500 1510 


* Components determined microscopically; F, forsterite (or forsterite-monticellite solid solution); G, glass; C 


clinoenstatite; P, periclase or magnesio-wiistite. 


all clinoenstatite to forsterite, the temperatures at 
which failure occurred remained low; coincidentally, 
however, with the appearance of free periclase, a 
sharp rise in shear temperatures was obtained. Figure 
5 also indicates that hot load resistance improved 
further as the amount of periclase was increased. 

Microscopic examinations showed that the iron in 
olivine was not completely reduced in the presence of 
free magnesia in spite of a carbon content sufficient to 
effect total reduction of iron in the furnace charge. 
Instead, ferrous oxide was observed to be absorbed 
by the periclase to form magnesio-wiistite.* Any 
influence on load-bearing strength was believed to be 
negligible. Figure 6 illustrates the appearance of a 
small amount of magnesio-wiistite in a thin section of 
a melt to which the theoretical quantity of magnesia 
to produce forsterite had been added. 


(2) Dolomite Additions 
Dolomite likewise is a source of magnesia and has 
the added advantage of being more widely available in 


* The term magnesio-wiistite is applied to solid solutions 
of magnesium oxide and ferrous oxide (wiistite) by Bowen 
and Schairer; see p. 151 of footnote 7. 


(1943) 


abundant quantities than magnesite. As pointed out 
by Ferguson and Merwin" and later by Seil," limited 
amounts of CaO may (a) combine with the clino- 
enstatite (MgSiO,) to form monticellite (CaO-MgO-- 
SiO.) or (6) displace MgO from forsterite (Mg,SiO,) 
to form monticellite and periclase. The phase rela- 
tionships are indicated in Fig. 7. 

Calculations based on a typical dolomite (Table IV) 
showed that 100 Ib. of olivine required 40 Ib. of dolo- 
mite during furnacing to convert clinoenstatite into 
forsterite and monticellite. Larger amounts of dolo- 
mite should result in the appearance of periclase. 
Separate phases in the mixture could not be identified 
because forsterite and monticellite’ enter into 
solid solution and because the refractive indices of 
the monticellite solid solution and forsterite 
overlap. Figure 8 illustrates the typical appear- 


” J. B. Ferguson and H. E. Merwin, “Ternary System 
CaO-MgO-SiO:,”” Amer. Jour. Sci., 48, 81-123 (1919); 
p. 115 ff.; Jour. Amer. Ceram. Soc., 2 (10) 844-46 (1919). 

1G. E. Seil and Staff, “Orthosilicates of the Alkaline 
Earths with Special Reference to Their Uses in the Re- 
fractory Field,” Jour. Amer. Ceram. Soc., 24 [1] 1-19 
(1941); for Bibliography with abstracts on this subject see 
Ceram. Abs., 19 [11] 273-93 (1940) 
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Fic. 8.—Globular periclase inclusions in forsterite 
resulting from dolomite addition to olivine, melt 
No, 224; crossed nicols, < 50. 


ORGINAL OLIVINE 


FORSTERITE MONTICELLITE 
SOLID SOLUTION CONTAINS 
CLINOENSTATITE 

FORSTERITE —MONTICELLITE 
SOLID SOLUTION 
PERICL ASE 


Fic. 9.—Softening temperatures versus composition 
of 9-in. MgO-SiO, brick under 25 lb. per sq. in.; olivine- 
dolomite fusions. 


ance of periclase produced from a forsterite-dolomite 
melt. 

Results of load tests in Table VI and Fig. 9 show 
that additions of dolomite to olivine melts provided 
little increase in refractoriness beyond that possessed 
by the original olivine. Melts prepared with dolomite 
additions and containing less than 40% were in general 
characterized by failure at temperatures lower than 
that of the original olivine. This failure is undoubt- 
edly attributable to the silica derived from the fay- 
alite, which contributed to the formation of low- 
melting metasilicate and resulted in lower load- 
bearing capacity than the original olivine. Dolomite 
additions in excess of 40% provided higher average 
shear temperatures, although these temperatures were 
decidedly lower than those containing MgO additions. 
The improvement in load-bearing strength indicated 
by Fig. 9 was probably the result of the elimination of 
glass rather than of the formation of more refractory 
compounds, 


OLIVINE 
FORSTERITE ~MONTICEL ITE 
SOLID SOLUTION CONTAMNING 
CUINOENSTATITE 


Fic. 10.—Softening temperatures versus composition 
of 9-in. MgO-CaO-SiO, brick under 25 Ib. per sq. in.; 
olivine-limestone fusions. 


Fic. 11.—Periclase inclusions in forsterite-monti- 
cellite solid-solution phase resulting from large lime- 
stone additions to olivine, melt No. 146; crossed 
nicols, X 50. 


(3) Limestone Additions 

Because of its widespread occurrence, lime has been 
suggested for incorporation into the olivine charge of 
the melting furnace to combine with silica present in 
excess of forsterite proportions. Limited additions of 
lime would first react with clinoenstatite to form monti- 
cellite, followed by displacement of MgO from for- 
sterite to yield monticellite and periclase. Calcula- 
tion showed that 28.1 lb. of limestone (Table IV) were 
required for each 100 Ib. of olivine in order to convert 
the clinoenstatite to monticellite. 

As indicated by Table VII and Fig. 10, incorporation 
of limestone in the fusion charge caused failures either 
with or without load at very low temperatures. Ex- 
periments involving addition of lime were therefore 
discontinued. Calculations based on the charged com- 
positions indicated that monticellite, akermanite, or 
dicalcium silicate should be among the products of 
the various fusions. Melt No. 146 was expected to con- 


Voi. 26, No. 12 


2 

26 22 2 . are 

33 

es 

; 


Electrically Fused Forsterite-Olivine 


Tas_e VII 
OLIVINE-LIMESTONE FUSIONS 


Charge composition (parts by wt.) 


_ Mineral components of product* 


~ - 


Fusion Sand 
No. Olivine Carbon Limestone (SiOz) 


100 


221 
222 
223 
146 


100 91.7 5.8 


Principal 
100 5 15 . F 
5 20 F 
100 5 25 F 
5 F,P 


Trace No load i " 
G Deformed 1400 
at 1500 
G Deformed 1445 
at 1500 
Slumped 1485 
at 1500 
Melted 
at 1500 


* Determined microscopically; F, forsterite (or forsterite-monticellite solid solution); G, glass; P, periclase (or 


magnesio-wiistite). 


sist chiefly of monticellite with smaller amounts of MgO 
and dicalcium silicate. These minerals, however, were 
not identified. Figure 11 shows the characteristic 
appearance of monticellite-forsterite solid solutions. 
The grains were much smaller than forsterite, and 
periclase inclusions appeared as transverse filaments. 


Vi. Summary 

(1) Addition of 16% of magnesia to fusions of 
olivine raised the load-failure temperature of the 
product from 1500° to 1750°C., or 250° above the 
original olivine value. 

(2) The added MgO reacted with magnesium 
metasilicate (clinoenstatite) to produce the ortho- 
silicate, forsterite. Additions of MgO in excess of 
the amount required to produce forsterite appeared 
in the f.nal product as microscopic, globular inclusions 
of periclase. 

(3) In the presence of free magnesia, the last traces 
of FeO were difficult to reduce and tended to remain 
in solid solution in the MgO. No harmful effect on 
refractoriness, however, was observed. 

(4) Lime (CaO) (from dolomite or limestone) also 
combined with metasilicates to form orthosilicates 
and, if added in large amounts, set MgO free as peri- 
clase. The orthosilicate monticellite (CaMgSiO,), 
however, melts at a lower temperature than clino- 
enstatite and therefore represents no improvement in 
refractoriness. 


Vil. Conclusions 


(1) Maximum load failure at a temperature of 
1750°C. or higher may be realized in electrically melted 
forsterite compositions by addition of magnesium oxide 
in excess of forsterite proportions in the melt. The 
presence of periclase in an otherwise homogeneous 
forsterite melt signifies absence of siliceous glass and 
clinoenstatite. 

(2) Excess silica present in olivine melts is not 
eliminated by direct carbon reduction because of simul- 
taneous reduction or vaporization of magnesium oxide. 
The excess silica is derived from olivine alteration 
products, such as antigorite (3MgO-2SiO,-2H,O) and 
tale (3MgO-4SiO,-H,O), and from fayalite (2FeO-- 
SiO.) by reduction of the iron oxide. 

(3) The presence of calcium oxide in fo:sterite re- 
fractories is undesirable owing to the formation of 
low-melting calcium-magnesium silicate, low-melting 
ternary eutectics, and glass. 
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DUPLICATION OF CHROME-BROWN ELECTRICAL PORCELAIN GLAZES WITH 
NONESSENTIAL MATERIALS* 


By Ricwarp B. FuLLeR AND ARTHUR S. WaTTS 


ABSTRACT 
This condensed report covers the development of a commercial glaze using cheap, 


nonessential materials in maximum amount. 


sive glaze which is no longer available. 


As a result of wartime restrictions in the use of 
chromium salts, a study of the duplication of the brown 
glazes used on most electrical porcelain insulators was 
undertaken with the object «° utilizing only those 
materials which do not involve priorities. 

Before the introduction of these chrome-brown 
glazes, most porcelain insulator glazes were made from 
mixtures of slip clays with small additions of feldspar 
and flint. These glazes were semitransparent, reddish 
brown in color, and very sensitive to kiln atmosphere. 
A later development was a mixture of slip clays with a 
manganese dioxide content ranging up to 6%. This 
glaze was a rich chestnut brown with a brilliant sur- 
face, but it had a tendency to show crystalline mat 
spots where the application was thin. 

The clays used were chiefly Albany and Michigan 
slip clays, which are being employed extensively on 
stoneware today. They produce a brownish black 
glaze at cone 7 when an excess amount of the Albany 
slip clay is used and a chestnut brown glaze when more 
Michigan slip clay is used. All these glazes develop a 
rust-brown surface on edges and where they are thin 
when the heat-treatment exceeds cone 7. 

Starting with Albany slip as a base, a series was pre- 
pared using Florida kaolin, BaCO;, MnO:, FeO, and 
ZnO in amounts up to 10%. When this glaze was 
applied to an electrical porcelain body and fired to 
cone 10°, the samples showed fading in color on the 
edges and wherever their application was thin. 

Blends of these glazes were made and fired, but 
nothing of promise developed except in those con- 
taining more than 6% of MnO, and less than 4% of 
ZnO, which were a dark red-brown with good covering 
qualities. None of these, however, was similar to the 
glazes to be duplicated, and all were slightly overfired at 
cone 10° except when at least 8% of Florida kaolin 
was added. 

A base glaze was therefore prepared, consisting of 
92% of Albany slip clay plus 8% of Florida kaolin, 
and a test series was made by adding 2% and 4%, 
respectively, of BaCO;, MnO:, and TAM ceramic stain. 
This stain contains materials which do not involve 
priorities. It is an extremely fine powder with a com- 
position of ZrO, 5.0%, SiO: 14.5%, TiO. 11.75%, AlsOs 


* Presented at the Forty-Fifth Annual Meeting, The 
American Ceramic Society, Pittsburgh, Pa., April 21, 1943 
(White Wares Division). Received June 22,1943. The 
material in this paper is condensed from a thesis pre- 
pared at Ohio State University in 1942. 


The results meet fully the more expen- 


28.15%, 24.2%, CrzOs 10.15%, Na,O 0.9%, and 
CaO 0.5%. 

Glazes containing 2% and 4% of BaCO; are a 
neutral brown rather than a red-brown; those with 
2% and 4% of MnO, retain their red-brown color but 
are semitransparent; and those containing 2% and 4% 
TAM stain are very opaque and of a deep chocolate- 
brown color with a good brilliant surface. Blends of 
the glazes containing 4% of MnO, and 4% of TAM 
stain are the most promising, especially when the 
TAM stain glaze predominates. 

The introduction of small amounts of Michigan slip 
clay to replace Albany slip clay was next studied. 
A blend containing up to 8% of Michigan slip clay 
with 80% of Albany slip clay, 8% of Florida kaolin, 
1% of MnO,, and 3% of TAM stain is definitely 
promising, but specific gravity and thickness of glaze 
application must be carefully controlled if color uni- 
formity is required. 

To develop a glaze which in spraying or dipping is 
similar to the present electrical porcelain glaze, a 
typical white, electrical porcelain glaze was prepared 
to which 15% of TAM stain and 3% of MnO, were 
added. The clay content was also replaced with 
Albany slip clay. A mixture was then prepared of 
two-thirds of Michigan slip clay plus one-third of 
Albany slip clay. These glazes were blended in various 
proportions, applied to electrical porcelain trials, and 
fired at cone 10° in a standard electrical porcelain tunnel 
kiln. The most satisfactory product has the following 
composition: 


(%) (%) 
Potash feldspar 33.75 Whiting 11.25 
Flint 15.00 TAM stain 11.25 
Mich. slip clay 16.75 ZnO 1.50 
Albany slip clay 8.25 MnO; 2.25 


This glaze gives excellent results on both large and 
small electrical porcelain products when applied at 
1.33 to 1.35 of specific gravity. If the application is 
slightly thick, however, a faint purplish tint is apparent, 
which may be eliminated by reducing the MnO, con- 
tent to 1.25 and increasing all other constituents in 
proportion. 

In mass production, this glaze is equal in all respects 
to the various commercial chrome-brown insulator 
glazes with which it has been compared. 
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names, pp. 424-29, this issue. 
aluniinum metal in ceramic industry, use, 


II, 3 ref., (7) 212-17. 
calcium orthosilicate, id-phase inver- 
sions s dolomite-silica brick, 18 ref., (9) 


302-30 

clays, ail, and clay bodies, thermal and 
moisture expansion fired at different 
temperatures, 4 ref., (6) 173-79. 

clays and clay bodies, plastic working 
properties, 4 ref., (1) 37-39. 

clays, rehydration study, 16 ref., (4) 120-26. 

clays, spectrochemical analysis procedure, 
7 ref., (6) 185-88 

colloid chemistry in ceramics, 13 ref., (3) 

88-92 (3) 


cordierite bodies, vitrified, 10 ref., 
99-102. 


crystals, nonmetallic single, thermal con- 
ductivity, 9 ref., (2) 48-55 

dolomite and lime, magnesia separation, 
461 ref., (7) 218-38. 

dolomite-silica brick, solid-phase inversions 
of calcium orthosilicate, 18 ref., (9) 


adherence: cobalt oxide and 
recipitation in firing, role, 
XIV, 11 ref., (2) 41-48; effect of co- 
balt and nickel oxides on metal pre- 
cipitation at ground-coat interface, 
XV, 17 ref., (10) 358-60. 
adherence of sheet-steel enamels, relation 
= hydrogen content, 22 ref., (5) 151- 


resistance, 1 ref., (1) 1-4. 
of enamel adherence, I-XV, 
(10) 360. 
porcelain, accelerated weathering test, 
2 (8) - 
porcelain, color 
(8) hickn i t 
porcelain, relation thickness to impac 
resistance, 3 ref., (5) pe 
sheet-steel, relation of herence ‘o 
hydrogen content, 22 ref., “) 151-59. 
vitreous, lithia substitution for soda, 
21 ref., (3) 77-83. 
equilibrium relation on liquidus surface in 
system, 9 ref., 


are electrically fused, 13 ref., 


(12) 4 
furnace calorimeter, spherical, for specific 


factors influencing, 
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phies, furnace calorimeter (continued) 

heat and thermal conductivity measure- 
ments, 21 ref., (10) 339-49. 

glass, amber, an role of carbon, 14 ref., 


(2) 58 

by water, theory, 9 ref., 

colored, tem ture gradients, 12 ref., 
(12) 308-404. 


density and optical constants, calcula- 
tion, 14 ref., (1) 4-11. 
diffusion, 22 ref., (8) 267-77. 
study, 25 ref., (5) 
sealed bushings, 6 ref., (3) 83-87. 
solubility, effect of chemically f 
surface films, 2 ref., (2) 56-58. 

structural homogeneity, 8 ref., (8) 277-84. 
transformation region, 34 ref., (6) 189-200. 
vitreous state, 31 ref., (12) 393-98. 

glazes, feldspathic, effect of opacifiers on 
fused viscosity, 10 ref., (7) 205-12. 

glazes, fitting to ceramic bodies, ref., 
(3) 93-98. 

glazes, salt, for structural building units, 
3 ref., (2) 60-67. 

~~ en, relation tu adherence of sheet- 

22 ref., (5) 151-59. 

insulation materials, cordierite, vi 
bodies, 10 ref., (3) 99-102. 

insulating, materials, sealed glass bushings, 
6re 

insulating outs, tale for high-freq 
ceramics, physical tah ref., (10) 


kaolin, Ga., chemical and colloidal anal 
I, 17 ref., (4) 105-13; evidence of miner- 
alogical analysis, II, 6 ref., (4) 113-19. 
kilns, direct radiant kiln firing, 1 ref., 
132-36. 
kyanite, domestic, substitution for India 
kyanite, 31 ref., (8) 252-66. 
lime and dolomite se en from magne- 
sia, 461 ref., (7) 21 
lime-MgO SiO:, stability relations of 
merwinite, 7 ref., (10) 321-32. 
lithia in enamels as soda substitute, 21 ref., 
(3) 77-83. 
magnesia separation from lime and dolo- 
mite, 461 ref., (7) 218-38. 
manganese oxide (MnO)—Al:Os-SiOs, equi- 
libriam relation on liquidus surface in 
part of system, 9 ref., (1) 11-20. 
merwinite, stability relations in system 
CaO-MgO- SiOz, 7 ref., (10) 321-32. 
modular size of clay- products units, 5 ref., 
(9) 307-20. 
mottled silica brick, 14 ref., (11) 361-64; 
mottled or colored silica brick, 14 ref., 
(11) 378-87; see also Bibliographies, 
refractories, silica brick. 
mullite-corundum, synthetic, 
for India kyanite, 31 ref., (8) 252-66. 
olivine-forsterite, electrically fused, 13 ref., 
(12) 405-13. 
opacifiers, effect on fused viscosity of feld- 
spathic glazes, 10 ref., (7) 205-12. 
petrology = silicate technology, 27 ref., 
(9) 285-30 
plastic nat nal properties of ceramic bodies, 
workability measurements, 4 ref., (1) 
37-39. 
quartz and sodium carbonate, solid state 
reactions, 10 ref., (7) 239-46 
refractories, aluminum fire-clay mixtures 
for coating insulating firebrick, II, 
3 ref., (7) 212-17. 
fire-clay, thermal conductivity measure- 
ments, 3 ref., (10) 350-58. 
resistance to molten rock phosphate, 14 
ref., (1) 21-37. 
silica brick, effect of water veer af at high 
temperatures, 7 ref., (12) 3 
silica brick: mottled, 14 ref., an '361- 
64; staining factors, 10 ref., (11) 368-73; 
mottled or colored, 14 ref., (11) 378-87. 
solid-phase inversions of calcium ortho- 
silicate in dolomite-silica brick, 18 
ref., (9) 302-307. 
specific heat and thermal conductivity 
measurements, spherical furnace calo- 
rimeter for, 21 ref., (10) 339-49. 
solid state reactions, sodium carbonate and 
quartz, 10 ref., (7) 239-46. 
spectrochemical procedure in ciay analysis, 
7 ref., (6) 185-88. 
stentite, =a physical chemistry of, 3 ref., 
structural materials, salt glazes for building 
units, 3 ref., (2) 60-67. 
units, modular size, 5 ref., 


tale for high- Gogueney ceramics, physical 
tests, 6 ref., (10) 336-38. 


Bibliographies (con/inued) 
terra cotta, simplified thermal ex 
Hy a for production control, 9 ref., (5) 


thermal ‘conductivity of nonmetallic single 
crystals, 9'ref., (2) 48-55. 
topaz, substitution for India kyanite, 31 
ref., (8) 252-66. 
vitreous state, 31 ref., (12) 393-98. 
improved, 7 ref., (4) 
Blakely test aaqaesten, double-pronged fork 
glaze test 
Bole and Jackson method for solid volume 
oun with inclined manometer, 
Borax in glazes for structural materials, effect 
on glaze thickness, (2) 64. 
, boron atoms in glass, optical constants, 
types and data, (1) 5-6. 
mes method for sedimentation of clays, 
face, forming process, effect on body 
consistency, (i) 38-39; see also Masonry 
and types of brick under Refractories. 
Brucite (Mg(OH):), precipitation from sl 
of calcintd dolomite and sea water, ica 


227. 
Bureau of Mines vs. Corhart refractories 
test specimens, analyses, (8) 256. 
refractories test specimens, composition, 
(8) 262-63; variable- and constant- 
temperature load test results,{(8) 264-65. 
= refractories, effect on color, (11) 
of refractories, effect of sulfur gases in coal 
on color, (11) 367, (11) 387. 
and reheating of refractories, color photo, 
(11) 362A-63. 
of silica brick, effect of composition, and 
load test results, color photo, (11) 362A. 
cast glass, with sealed-in metal 
inserts, (3) 83-87 


Calcination method for MzO separation from 
dolomite, (7) 218. 

Calcium orthosilicate (2CaO-SiO:), beta- 
gamma inversion (dusting) of, inhibiting 
effect of P:O:, (9) 302: inhibitors, ele- 
ments studied, (9) 303-304; chemical 
and physical inhibition methods, (9) 
305-306. 


chemical properties, (9) 302; crystal 
stssetace and hydration properties, (9) 


304-305. 
solid solution of P2Os in, thermal and optical 
method and evidence of, (9) 302-303. 

Calcium oxide. See Lime. 

series, groups and properties, 
( 

Calorimeter, spherical furnace, for specific 
heat and thermal conductivity measure- 
ments, (10) 339-49. 

Carbon in amber glass, effect on color, (2) 
58-60. 

Ca ande 


rs thod for sedimentation and 
grain-size distribution in clays, (4) 109. 
slips. See Slips. 
Cements, high-lime clinkers, “dusting” of, 
(9) 302. 
Portland cement clinker, 


fundamental 
constituents, (9) 295. 
Portland clinker, chemical analysis and 
molecular farmula, (7) 213. 
Cone industry, colloid chemistry in, use, (3) 


‘iuminum metal in firebrick coatings, 
( 
Chemical analysis of ball vk (6) 173. 
and colloidal analysis Ga. clays and 
kaolins, (4) 105. 
of manganese oxides, (1) 13. 
of raw and electrodialyzed clays, (4) 106. 
of sulfate and soluble salts in ball, china, 
and miscellaneous clays, (6) 181. 
of synthetic coal ash, (7) 213. 
Chemical attack of glass, formulas for soluble 
ne in, (6) 202; Sharp formula, (6) 


Chemical extraction of magnesium compounds 
from natural impurites and miscellaneous 
chemical methods, (7) 220, (7) 228. 

Chrome cements, specific heat and thermal 
conductivity data, (10) 345-47 

Chromic oxide (CrzO:)—CaO series for crucible 
corrosion tests, (1) 25; refractory prop- 
erties, (1) 27. 

-ZrO:-CaO, refractory properties, (1) 27. 

Clays. See also Kaolin. 

ball, china, and miscellaneous, reh tion- 
dehydration test results, (4) 1 
and china, soluble salts content, (6) 181. 
Jernigan, soluble sulfate content, storage 
effect, (6) 184. 
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Clays, ball 

Ky., Tenn., and English, chemical analy- 
ses, thermal expansion, moisture ex- 
pansion and absorption, (6) 173-78. 

in pottesy bodies, soluble sulfate content, 


casting proceuses, effect of plasticity, (3) 91. 

classification, rapid 
tion method, (4) 120. 

colloidal behavior, (4) 118-19. 

deflocculated slips of, grain- 
size distribution curves, (4) 112 

ae and rehydration studies, (4) 


electrodialyzed and raw: chemical analy- 
ses, (4) 106; pH and viscosity curves, 
(4) 109-11 

‘uorescence, Morin dye test and effect of 
dilute HC] leachings, (4) 108. 

Ga, Fase Peak, chemical analysis, (4) 


graphite dilution effect for quantitative 
analyses, (6) 187. 
ion and viscosity curves, (4) 109— 


hydrogen and sodium, coulombic forces in, 
diagrams, (3) 90-91. 

internal standard 
analyses, (6) 187. 

MgO and FeO in, 5 
chemical analyses, (6 

nonclay impurity of, effect on rehydration 
and dehydration test, (4) 125. 

and opacifiers in enamels, effect on gouge 
resistance, (1) 3. 

particle-size distribution, curves, (3) 89. 

plasticity, definition, (3) 89; effect on 
forming processes, (3) 91. 

sedimentation tests, (4) 112. 

spectrochemical analyses, types of 
trodes and arcing te — (6) iss. 

stream birefringence of, (4) 1 

Clayware, definitions of modular 

unit sizes, (9) 309 

modular unit size, (9) 307; historical re- 
view, (9) 307-308; size of clay-products 
units, (9) 316; nominal unit face sizes, 
(9) 320. 

thermal analyses and curves, (4) 115-16. 

trace elements in, quantitative method for 
determination, (6) 185. 

X-ray analyses, technique, apparatus, and 
test results, (4) 116-18. 

Clinoenstatite-forsterite composition, proper- 
ties, effect in refractories, (12) 408. 

Cobalt oxide (CoO)—FeO, solid system, Ber- 
o— equilibrium diagram, (2) 42, (10) 

in metal and oxide precipitation, effect on 
enamel adherence, XIV, (2) 41 

Colloidal analysis of Ga. kaolins, (4) 105. 

Colloid chemistry in ceramics, domestic 
sources of clays and treatment, (3) 
88-92. 

Colors, coloring oxides, effect on accelerated 
weathering of porcelain enamels, (8) 
250-51 

color photographs, cooling, slow and rapid 

treatment of silica brick, (11) 382A. 

mottling of silica brick, appearance and 
color, (11) 378A. 

silica brick, heat-treatment effects, (11) 
378A, (11) 382A. 

silica brick, varying effects of composi- 
tion, burning treatment, and load test, 
(11) 362A. 

wollastonite, iron, and alumina mixtures 
in silica brick, heat-treatment effect, 


(11) 382A. 
green and blue particles, effect of variable 
effect of variable per- 


size, (3) 74-75; 
centages, (3) 76. 
mottled, stained, or colored silica brick. 
See Colors, color photographs; also 
colored, mottled, and stained items under 
Refractories. 
for porcelain enamels, spectrophotometric 
data, modified Kraechenbuehl integrating 
calculator, (3) 73; General Electric 
recording spectrophotometer, (3) 74. 
Compton theory of thermal conductivity, 
curves and formula, (2) 49. 
Copper glasses. See Glass, copper. 
glass, effect on diffusion rate, 
) 275-7 
Cordierite “podies, electrical and mechanical 
test results and thermal expansion curves, 
(3) 101-102. 
flux additions, composition, color, water 
absorption, and electrical and fired 
properties, (3) 100-102. 
vitrified, of system MgO~-AlsOr-SiO:, 
‘ffect of flux additions and vitrification 
range at cones 13 to 15, (3) 99-102. 


for comparison of 
trochemical and 
188 


il 
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Corhart electrocast mullite-corund 
Refractories, mullite-corundum. 

test for resistance of 

molten rock phosphate, (1) 21-37. 
Corundum, thermal conductivity curves, (2) 


53. 

Coulombic forces associated with hydrogen 
and sodium clays, diagram, (3) 90-01. 

Crazing of glazes, or reducing con- 
ditions. effect, (3 

types, moisture, frost, 
thermal shock, ‘arate. (3) 

of salt glazes, test, (2) 64-65 

Cristobalite liquidus curves for alkaline earth 

Te alkali silicate mixtures, after Kracek, 
) 292 


Crucibles, ‘corrosion- position, 


fired ysi 
materials for, test 
- su vs. vitreous 


tion process for magnesia produc- 
tion, (7) 219-20. 


of merwinite, stability relations in system 
CaO—-MgO-SiO:, (10) 321. 
single nonmetallic, 
ductivity” studies, Endé and 
yt apparatus, test method, results, 


Definitions, magnesiowiistite, (12) 411. 
module and related terms for modular 
unit sizes, (9) 309. 
petrology, (9) 285. 
plasticity, (3 
and symbols of ‘density and optical con- 
stants, (1) 5. 
vitreous state, (12) 393; vitreous solid, 
amorphous solid, sw liquid, 
glass, and plastic, (12) 93. 
workability and plasticity, differentiation, 
1) 3 
Deflocculants for casting slips, effect of 
sodium silicate and sodium carbonate, 


(2) 67-71. 
tion test on clays, (4) 124. 
— theory of adherence, (2) 41, (5) 


Detroit rocking furnace for tests on corrosion 
resistance to molten rock phosphate, (1) 


35. 
Diaspore for refractories, p' 
and uses, (8) 256; ae. — ae 
brick cost quotations, (8) 257. 
rehydration ~ye~- test results, (4) 123. 
Diatomaceous earth brick, specific heat and 
thermal conductivity data, (10) 345-47. 
Diatomite filters, adsorption data, (6) 180. 
Dielectric measurements, Q meter for, on 
steatite bodies, (10) 337; see also 
Steatite 
for —, tabular data, (11) 391. 
, coefficients, Fick's law, and other 
(8) 267. 
method for glass, correcting for true diame- 
ter of diffusion, (8) 270. 
of silver in glass, — for weight of 
diffused silver, (8) 269. 


Bowen, (9) 300. 


caliag of glass, effect on refractive 
index, (6) 189. 
ite, magnesia separation from lime, 
methods and bibliography, (7) 218-38. 
and magnesite ores, concentration, fi 
(7) 219. 
-olivine fusions, data, (12) 411. 
in pottery bodies, soluble sulfate content, 


(6) 183. 
chemical ysis and 
molecular (7) 213. 
for glass expansion vs. tem- 
perature measurements, curves, (6) 190. 


Electrically fused forsterite-olivine, (12) 305. 
Electrical porcelain. See Porcelain, electrical. 
Electrical tests on steatite dielectrics, Bell 

Teiephone Laboratory results, an: 390. 


ium. See Enamels  acid-resistant, 


gouge-resistance data, 


acid-resistant and nonacid- resistant, effect 
of we:thering, actual vs. accelerated, (8) 
256; sev also Enamels, porcelain. 
adherence: cobalt oxide in metals, effect, 
oxide precipitation during ground-coat 
firing and precipitation intervals of time 
and tem XIV, (2) 41; cobalt 
and nickel oxides, effect on metal pre- 
ground-coat interface, 
anaes and oxide theories, (2) 41, (5) _ 
of ground coats, iron oxide effect, (5) 1 
relation to austenite and ferrite, (5) iss. 
resistance, test apparatus and data on 
NizOs-containing enamels, 
resistance, test apparatus and resistance 
data, (2) 43-44. 


“parte test and effect of clays 

and opacifiers on structure, (1) 1-3. 

chipping and coating thickness, relation to 
impact resistance, (5) 160. 

cobalt and cobalt-free on iron, and cobalt 
on copper, adherence, (5) 154. 

cobalt-free: adherence, photo, (5) 143; 
effect of furnace a tmosphere, photomicro- 
graph, (5) 157; relation of Soak thick- 
ness, (5) 158 

cobalt’ in metal and oxide precipitation 
during firing, and determination of time 
and temperature intervals, (2) 42-43. 

of metal adherence, (2) 41, 

electrolytic theory of adherence of sheet- 
iron ground coats, (5) 151. 

gouge resistance, application ag effect, 
and effect of rr and om ers, (1) 2-3. 

gripping theory adherence of sheet-iron 
ground coats, (5) 151. 

ground-coat-—iron interface, effect of Co and 
= oxides on metal precipitation, (10) 


preoxidation advantages, (5) 


hydrogen theory of adherence of sheet-iron 
ground coats, (5) 151. 

impact ow relation of coating thick- 
ness, 

metals for, precipitation intervals of time 
and temperature, effect, XIV, (2) 41; 
metal at inter- 
face, effect cobalt and nickel oxides, 
XV, (10) 358, (10) 360. 

oxide theory of adherence: effect of 
“ferrous oxide” and magnetic iron oxide, 
a} 41; effect on sheet-iron ground coats, 

on accelerated weathering test, (8) 


atmospheric vs. accelerated weathering 
effects, (8) 249-50. 

blue and eS, colors for, spectrophoto- 
metric data, integrating calculator for, 
(3) 73; use of General Electric record- 

spectrophotometer (2) 74. 

bubble formation in, effect on spalling, 
(8) 250-51. 

coloring oxides in, effect on accelerated 
weathering, (8) 250-51. 

, actual vs. accelerated weathering 

am, (8) 250; effect of coloring oxides, 


namels, 

thickness of coating, relation to ‘impact 
resistance, (5) 160. 

vitreous, lithia as soda substitute in, effect 
on fusibility, gloss, opacity, gouge resist- 

and thermal 


Endell body tester, modified, for plasticit 


measurements on clays and bodies, (1) 


Electrocast mullite-corundum. 
fractories, mullite-corundum. tion, (4) 119. 

Electrochemical separation of MgO from sea End6 theory of thermal conductivity, curve 
water and brines, (7) 227. and poe A (2) 49. 


Electrodes, types and diagrams, and arcing 
techniques, (6) 186. 
lyzed clays, raw Ga., analyses, (4) 


106. 
Electrolytes in wins slips, effect of varying 


amounts, 
I: eory of adherence of sheet-iron 
ground coats, (5) 151. 


alumina (Al20s), 
positions 


Al:O;-SiO system: 
kin and ‘Wright, (9) of Bowen ond 
= itions of techno- 
systems, eu ic 
logic significance, ( 9) 201. 


Equilibrium diagrams 
cristobalite liquidus curves 


Vol. 26 


or alkaline 
earth and alkaline silicate mixtures, after 

ferrous oxide m, 

after Bernard, (2) 42, (10) 359. 


join 3CaO-MgO- 2Si0:-2CaO-M 2810s, 
data on merwinite manite 
mixtures, (10) 329. 

leucite—diopside—silica system, after 
Schairer and Bowen, (9) 300. 

lime (CaO)—Al:Os-SiO: system, solidus, 


efter Rankin and Wright, (9) 295. 
lime (CaO)—FeO-SiO: system: after Bowen, 
Schairer, and Posnjak, (9) 297: 
mixtures of metasilicate ra‘io, after 
Bowen, Schairer, and Posnjak, (9) 298. 
lime (CaO)- MgO-SiO, system, 
relations in 2C.a0-SiO:—- 
O-MgO - 2SiO:, (10) 328. 
courses of crystallization in part of sys- 
tem, (10) 330 
afver, Ferguson and Merwin, (12) 410. 
field of 3CaO-MgO-2SiO2, (10) 322. 
id of merwinite and composition stud- 
(10) 324. 
)~AlzOs-SiO: system, after 
Merwin, (9) 293; “solidus” 
diagrams, after Niggli, (9) 294. 
magnesia (MgO)—Al:O; system, portion of, 
and melting points of steatite composi- 
tions, (10) ; theoretical melting 
curves of talc, clay, and MgCO; bodies, 
(10) 335. 
magnesia (MgO)-—SiO: system, after Powen, 
Andersen, and Greig, (9) 290. 
magnesia (MgO)-SiO: system, after Bowen 
00.” Andersen (revised by Greig), (12) 


system, immiscible 


iO: system 
interval of talc (metatalc), (10) 335° 
manganese oxide sys- 
tem, (1) 14; isotherms in part of system, 
(1) 15; refractive index of glasses formed, 
(1) 15; maids, (018. diagram for 


cooling liquids, ( 
melting —., bodies, theo- 
(9) 


retical, (10) 33 
of ppiaciociase = after Bowen, 
potassium oxide (K20)—Al:O;-SiO: system, 
after Schairer and Bowen, (9) 296. 
silica minerals, pressure-temperature dia- 
m indicating stability relations, after 
(9) 287. 
soda ( (Nas0)- -CaO-SiO: system, compositions 
of glasses superimposed on portion of dia- 
m for photol studies, (5) 


40. 
“solidus” diagrams, definition and dis- 
cussion, (9) 295. 


steatite 


Equilibrium cote glass, speed distribution 


curves, (6) 1 
manganese 
tem: relations on liquidus surface, (1) 
11; apparatus for equilibrium melts, 1) 
12; melts to establish equilibrium and 
data on quintuple points, (1) 16-19. 
phase equilibrium data on silicate composi- 
system gO-Si' 
321- 


stable refractive index as function of tem- 
perature, curve, (6) 195. 


Excitation method, arcing techniques and 


Expansion test 


electrode types for, (6) 186. 
method, laboratory, (1) 32. 


Feldspar, chemical analysis, (3) 82. 


Feldspathic giaz 


plagioclase, 


uilibri diagram, 
Bowen, (9) 209. 


ies. See Glazes. 


Ferric oxide in steatite body, effect on di- 


and — relation of 
erence 
Re- Endellite and Mo. halloysite, relations, cita- Ferrous -Ca0-Si0s eystem, equi equi- 


(2) 4: 42, 359. 
‘erruginous talcs. Tales. 


electric constant, (11) 391-92. 
enamel ad- 


librium diagram after Bowen, 
and Posnjak, (9) 297; discussion a 
system, (9) 298; uilibrium diagram for 
mixtures of metasilicate ratio in system, 
- Bowen, Schairer, and Posnjak, (9) 


system, 


¢ 
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Cry 
E 
. Crys ee on sheet iron, effect of varying quantities 
Rhee” of hydrogen, (5) 158 
Cc 
ate 
re; 
Deh 
Den 
| 
eae gouge-resistance tests, (1) 1. 
bart spalling of colored acid- and nonacid- 
+ Dus resistant types, (8) 250-51. 
bigs: and ZnO in cordierite bodies, composition, 
" color, and water-absorption data, (3) 
expa n 17-83 
4. 
be quilibrium iagrams, 
Te MgO, CaO, and FeO, 
(0) 
i in clays, spectrochemical and chemical 
analyses, (6) 188 
equilibrium 
Elec 
"| 
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Fettke and Stewart formula for diffusion 
rates and solution in slag attack of re- 
fractories, (8) 269; modified formula, (8) 


269. 
Fick’s law of Stesin in liquids, (8) 267 
A. of law, (8) 2 
er pressing, Sas vs. water distribution, 
(6) 184; effect of repeated filter pressing, 
(6) 184-85 
Filters, diatomite, eiseration data, (6) 180. 
sulfate calculation filtrates, (6) 182; 
soluble sulfate content of filter cakes and 
filtrates, (6) 183. 
for soluble sulfate content of 
a 
of silica brick, See Burning; 
efractories. 


radiant gas method, (4) 132; see also 
Furnaces: Kilns. 

Fizeau interferometric method for thermal 
expansion measurements and Saunders 
improved procedure, (3) 79. 

Flint i At pottery bodies, soluble sulfate content, 


Flotation ution method for magnesite and dolomite 
Piucresoonse of clays, dilute HC! leachings, 


(4) 108. 
of copper-ruby glass, composition, (5) 145; 
a SnO as activators, 


effect of 
curves, (5) 147-48. 

effect of AgNO: diffusion, (8) 271; effect 
of other silver salts and of nonsilver 
salts, (8) 274. 

of a, effect of uranium salts, (5) 140—- 
4 


of soda-lime-silica, soda-boric oxide, and 
soda-borosilicate glasses, (5) 144-45. 

Forsterite, bonded granular, hot-load resist- 
ance data, (12) 407. 

globular periclase inclusions in, effect of 
additions, photomicrograph, 

magnesio-wiistite inclusions in, photo- 
micrographs, (12) 410. 

-monticellite solid solution phase in olivine- 
fusion, photomicrograph, (12) 
41 

-olivine, electrically fused, (12) 405. 

ical properties, (12) ‘407; fused for- 
sterite, pig of and ferrosilicon button, 
photo, (12) 407. 

iclase, tests, (12) 409. 

Frits, col colored, blue and green, effect of color 
and frit particle size, application weight, 
and amount of colorant, 3 3) 74-76. 

lepidolite and spodumene content, chemi- 
cal analysis and calculated frit composi- 
tions, (3) 81-82 


dilute HCl 

leachings, (4) 108; raw and electrodia- 

lyzed, viscosity and grain-size distribu- 

tion, curves, (4) 111; thermal analysis 
curves and X-ray data, (4) 116-18. 

rehydration-dehydration test results, (4) 


Furnaces. See also Kilns. 
arc, for melting olivine, photo, (12) 407. 
Detroit rocking, for corrosion resistance 
molten rock phosphate, (1) 


for electric melting and casting GD “_ 
=. description and line drawing, 


glassmelting, colored glass, temperature- 
gradient study, (12) 399. 
continuous, triple-fired, slab reheating 
type, diagram, (5) 169 
rning glass tank, proposed design, 
) 
suspended roofs and walls in, construction 
advantages and limitations, (5) 167. 
tank, cross section and sprung crown. ‘‘ia- 
gram, (5) 168. 
tank, suspended shadow a outside and 
top views, photos, (5) 170 
for simulative and reheat tests on insulating 
firebrick, (7) 214. 
spherical furnace calorimeter, for specific 
heat and thermal conductivity measure- 
ments, (10) 339; diagram and photos, 
(10) 340-41. 
for studies of colored 
Pusibility ott diagram, (12) 
of feldspar in enamels, (3) 78. 


Gas burner, radiant, direct-type, description 
and cross section, (4) 133. 
Cosme kiln atmosphere, composition, (11) 


Gas exp: vs. liquid absorption for solid 
volume measurements, method, (4) 127. 
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Laboratory, studies on com: 
merwinite and its stability relations in 
system CaO—-MgO-SiOs:, (10) 321. 

clays and kaolins. See Clays; Kao- 


lacial acid, h idges, (12 
ydrogen bridges, (12) 


alkali content extracted as NaOH, 

as, of time and temperature, (6) 201, 

amber, carbon vs. sulfur and other capuring 
agents, effect on color, (2) 59; effect 
FezO; and Na:zO, (2) 59. 

annealing, disannealing effect on refractive 
index of borosilicate glasses, (6) 189. 

annealing: expansion coefficient vs. re- 
fractive index of poorly annealed samples, 
curves, (8) 282-83; changes in proper- 
ties, significance, (8) 282-83. 

annealing, rapid method, (6) 196. 

barium crown, dense, static method test 
results, curves, (6) 199. 

borosilicate crown, disannealing effect on 
refractive index, (6) 189. 

borosilicate crown: refractive index and 
expansion coefficient from quenched 


samples, (6) 191; static method, curves, 
(6) too. 


borosilicate crown, transformation speed, 
effect of pressure, (8) 284. 
bottles, time-chemical attack 
Bacon and Burch, 
durability curves 
rm Owens and Emanuel, (6) 
bushings, sealed, manufacture and tests, 
(3) 83-87. 
cast, for sealed glass bushings, production 
and tests, (3) 83-87. 
chemical attack, formulas for soluble 
material in, (6) 202. 
chemical attack by water, 
ture function, theories, (6) 
and temperature gradients, (12) 
chromium greens, light cobalt blue, 
selenium pink, cerium titanium topaz, 
and dark purple, analyses, temperature 
gradients, and curves, (12) 402-404. 
colorants, analyses, (12) 400. 
furnace for temperature gradient study, 
diagram, (12) 399. 
order of radiation on cooling, (12) 399 
commercial, temperature data for 
gradients, and curves, (12) 402-404. 
copper-bearing: fluorescence, curves, (5) 
147; fluorescence vs. temperature, tabu- 
lar data and curves, (5) 148; intensity 
curves, (5) 148. 
-bearing, phosphorescence decay, 
curves, (5) 147. 
per-ruby, compositions, fluorescence 
studies, (5) 145. 
relation of synonymous terms, 
)3 
definitions and symbols of density and 
optical constants, (1) 5. 
deformation of surface, immersion method 
for measurement, (8) 280. 
density, conversion of equations and con- 
stants for calculation, (1) 4. 
density and optical constants, calculation 
a weight percentage composition, 


(1) 4. 

devitrified glass, presence in quenched 
along 2CaO-SiO; and 2Ca0-- 

gO-2SiO: join, (10) 323; data for mix- 

tures on 3CaO-MgO-2SiO: and 2Ca0-- 
MgO-SiO+: join, (10) 325; data for mix- 
tures in system CaO—-MgO-SiOsz, (10) 326. 

diffused, silver (AgNO;) concentration vs. 
time, curves, (8) 272; concentrations vs. 
depth of penetration, curve, (8) 

diffusion coefficients, (8) 267. 

diffusion: Fick’s law and other formulas, 
(8) 267; modified formula of Fettke and 
Stewart, (7) 269; test of Fick’s law, (8) 


curves of 


diffusion of silver, review, (8) 268; silver 

content in glass vs. depth of penetratiun, 
curve, (8) 268 

diffusion vs. time and tem ture: effect 

AgNOs, and Ag:0, 

; effect of AgCl, AgNOs, 

T1SO«, CuCls, and CuSO«-5H:0, (8) 272. 

disannealing, effect on refractive index, (6) 


dispersion, variation of, as function of heat- 
treatment, (8) 278. 

durability, time-temperature effect, (6) 201. 

dynamic method for expansion vs. tempera- 
ture measurements, curves, (6) 190. 

equilibrium state vs. time, curves, (6) 194. 

expansion it, variation of, as 


419 


expansion coefficient (coniinued) 
function of heat-treatment, curve, (8 
as test on poorly annealed sample, (8 


Fernico and Vong 705-AO, thermal con- 
traction curves 

int, commercial, Gomtes composition for 
diffusion studies, (8) 269 

flint, decolorized and undecolorized, tem- 
gradient studies, curves, 
ses, temperature gradients, 

400-402. 


flint, powdered, dense sample, release of 
Pb and K, relative rate ie Gates passage of 
dilute nitric acid, (2) 56 

fluorescence, effect of AgNO; diffusion, sa} 
271; effect of other silver salts and of 
nonsilver salts, (8) 274. 

fluorescence, literature review, (5) 139. 


cE No. 42, Ni-Fe alloy, con- 
traction curves, (3) 85 

heat-treatment, ‘variation 
index, expansion coefficient, 
persion as function of, curves, (8) 278. 

hydrated silica film on eteee, effect on 
adsorption of ions, (2) 55 

hydrogen in, examples, 397. 

iron oxide in, e ect on color, ( (2) & 

iron oxide series: tem ng gradient 
studies, reduction oxidation curves 
and data, (12) 400-401; effect on colors, 
curves, (12) 401. 

—— films on, adsorption of ions, 

lead-borosilicate, GE 1075, and No. 42 
nickel-iron alloy for sealed glass bush- 
_ings, (3) 83; contraction curves, (3) 85. 

Liesegang rings, AgNO; as diffusion source, 
(8) 275. 

optical, refractive 
curves, (6) 192 

optical, solubility of, effect of chemically 
formed surface films, (2) 56-57 

oxides in, density and optical constants, 
data, (1) 6. 

oxide substitutions in (K, Mg, Na, Li, Za, 
Ba, Sr. Al, A, Zr, and Ti), effect on 
fluorescence, (5) 144. 

oxide types, structure studies, (12) 395; 
ee of composition to structure, (12) 


index measurements, 


partial dispersion ratios, calculation, (1) 11. 

phosphate, silicate, and borate, fluores- 
cence of, curves, (5) 145. 

photoluminescence in, studies, (5) wae 

potash-lime-silica, with copper, 
phorescence of, data and curves, (5) 147. 

Pyrex-brand, helium diffusion through, 
curves from static method measure- 
ments, (6) 190. 

quenched samples method: for glass trans- 
formation region measurements, (6) 191; 
for refractive index and thermal expan- 
sion measurements, (6) 191-92. 

radio-tube bulbs, defects, mechanical 
strains in, (8) 282-83. 

refractive index, conversion of equations 

and constants for calculation, (1) 7—10. 

measurements, method, (6) 196— 


— =. ingle-prism, 
m, dynamic, static, 
197-08. 


variation of, effect of time, distribution 
curve after 16 months, (8) 2 
vera tee. of, as function of temperature, 
variation of, as function of temperat 
and of heat- treatment, (8) 277-78. 

sealed glass bushings, manufacture and 
tests, (3) 83-87. 

silicate, interatomic forces in, (12) 394 

silver concentration gradient, appearance 
of colored rings, (8) 273. 

silver in, content vs. penetration, curve, 
(8) 268; diffusion coefficients of Ag into 
glass, (8) 269. 

silver nitrate diffusion in, effect, (8) 270- 
71; effect of other silver and nonsilver 
salts, (8) 274. 

single-prism method, dynamic measure- 
ments of changes in refractive index, 
curves, (6) 197. 

soda-boric oxide, soda-borosilicate, and 
soda-lime-silica, fluorescence studies and 
curves, (5) 144-45. 

soda in, effect on color, (2) 59. 

soda-lime, | slag, chemical analy- 
sis and molecular si + (7) 213. 


Geo 
Frost 
F 
< 
‘ 
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Glass (continued) 


soda-lime-silica and light barium crown, 
effect of leaching and baking on rate 
of leaching by acid solutions @ 57. 
oxide substitutions in, effect of fluores- 
cence, curves, (5) 144.  iadieemaaie 
parent compositions on 
equilibrium diagram, 
uranium in: tion, (8) 140; 


fluorescence variation in, discussion and 
curves, (5) 142-43. 
uranium substitutions in: effect 
fluorescence tra, (5) 142-43; 
of silica substitutions, (5) 143 
solubility of, effect of c mically formed 
surface films, (2) 56. 
spectrophotometric curves for silver nitrate 
oo effect of time and temperature, 
) 
stable refractive index curves as function 
of temperature, (6) 195. 
states of, effect of glass composition, trans- 
formation rates, and rapid method of 
ect of temperature gradient in 
tanks, (12) 398. 
strains in: defects in rapidly cooled glass, 
causes, (8) 280; strains vs. physiochemi- 
cal state, (8) 283; Michaelson inter- 
ferometer for tests, (8) 290. 
“iol in, vs. refractive index, curves, (6) 
structural hecmegenaity, study of mechani- 
cal strains, (8) 2 
structure vs. cemmeaitien, relation, dia- 
grammatic representation, (12) 296. 
system MnO-AlsOs-SiO:, refractive 
index, diagram, (1) 15. 
tanks, effect of colors on temperature gradi- 
ents, (12) 398. 
temperature and time effects on chemical 
attack by water, equation for, (6) 201. 
thermal conductivity of, curves and data 
on Pyrex-brand, hi h-soda, od’ fused 
silica types, (2) 52-54. 
thermal expansion coefficients, method of 
quenched samples for study, (6) 192. 
three-prisms method for refractive index 
measurements, (6) 198. 
ewes attack curves on bottles, (6) 


transformation rate, speed as function of 
temperature, curves, (6) 193; speed dis- 
tributions, time and temperature effects, 
curves, (6) 194. 
“transformation region" vs. “transforma- 
tion “a. in 10** poise range, evidence 
for, (6) 189 
transformation speed, effect of pressure, 
curves, (8) 284. 
transformations in, spontaneous, (8) 282. 
uranium-bearing, fluorescence at varying 
temperatures, curves, (5) 146. 
water attack, chemical effect, time-tem- 
perature function, theories of, (6) 7 
Glazes, borax in, effect on thickness, (2) 64 
ition and viscosity fac- 
tors, 206-207. 
chrome-brown, for electrical porcelai 
nonessential substitute materials, (12) aia: 
commercial salt glazes, oa tests and 
photomicrographs, (3) 64 
reducing firing effect, 


in 


crazing types, kiln, eaiwees, frost, thermal 
and paraliel, (3) 9 
thickness of, diagram, 


(3) 97. 

feldspar, flint, kaolin, whiting, tin, and 
zine oxides, Zircopax, and Opax, chemi- 
cal compositions, viscosity 


data at cone 12, ( su} 
of opacifiers on fused 


feldspathic, effect 
viscosity, (7) 205. 

glaze fit or glaze stress, test a. oo 
plate, strength, deflection of 
microscopic, and ring, (3) - 

isoviscosity triaxial ~y 
composition chan 


effect of 
208-11. 


oxidizing vs. uc ng Lk a effect, 
(2) 63-64. 
salt, glass formation, batch formulas, 


solubility, and thermal expansion, (2) 61. 
ot i in, effect on glaze thickness, 
salt, 4 structural building units, laboratory 
test data, (2) 60. 
satin, stress measurements, curves, (5) 166. 
stress measurements, terra cotta thermal 
expansion rings for, (5) 163. 
dry thickness measurements, 
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(7) 206-207. 


thickness, effect on resistance to moisture 
crazing, thermal shock crazing, and ex- 
and contraction of rings, curves, 
tin vs. tinless, with high calcium, feldspar, 
and silica content, effect on fused vis- 
cont diagrams and discussion, (7) 


tin-Zircopax- in, with high calcium, 
feldspar, silica content, viscosity of, 
diagram and discussion, (7) 211-12. 
viscosity factors, (7) 206-207. 
zine vs. zinc-free, fused viscosity, diagrams, 
$} = isoviscosity triaxial diagrams, 
{ 
Gloss of porcelain enamels, effect of actual 
and accelerated weathering conditions, 
(8) 250; effect of coloring oxides, (8) 251. 
Glucose, hydrogen bridge structure, (12) 397. 
resistance of porcelain enamels. 
Enamels. 

Gouge tests for vitreous enamel, lithia con- 
tent vs. res effect on surface 
abrasion, re- 
flectance, ility, curves, (3) 


80-81. 

Graphite dilution of clays, effect of, analyti- 
cal curves, (6) 187. 

Grog from sanitary ware vs. terra cotta grog, 
expansion curves, (5) 166. 


Hagar and Schofield method for flat-plate 
stress test, and diagram, (3) 93. 
Halloysite, chemical analysis, fluorescence of 
dilute HC! leachings, (4) 107-108. 
and endellite, relation, citation, (4) 119. 
hydrogen-ion and viscosity curves, (4) 112. 
test results, (4) 


X-ray analyses and tests, (4) 117-19. 
Harrison method for surface abrasion resist- 
ance of lithia-containing enamels, (3) 80. 
Harrison and Moore method for accelerated 
a of porcelain enamels, (8) 
49-51. 
Heat absorption of kaolinite, anomalous be- 
havior, (11) 388. 
Hydration method for magnesia recovery 
from brucitic dolomite, (7) 2'9. 
Hydrogen in iron, reversible solubility under 
pressure, curves, (5) 154 
solubilities, curves, after Smithells, (5) 152. 
theory of adherence of sheet-iron ground 
coats, (5) 151. 
of, effect on adherence, 


Hydrogen bridges in glass, examples, (12) 397. 


eous rocks, oxide composition, average, 


(9) 286. 
Iilite, Illinois, (4) 107. 
Immersion method for glass deformation 


tests, (8) 280. 

Impact test and apparatus for a ing re- 
sistance of lain enamels P60 

India kyanite, substitution of topaz, 


kyanite, and synthetic mullite-corun- 
dum, (8) 252; see also actories, 
kyanite. 

Inhibition, crystal-chemical vs. physical, 
differentiation, (9) 306-307 


Inhibitors, chemical and physical inhibition, 

suggested mechanism, (9) 305 
elements investigated and effect on calcium 
orthosilicate, (9) 303-304; properties of 
inhibited phase, (9) 304. 
materia cordierite vitrified 

(3) 99-102. 

bushings, production and tests, 


uctivity and specific heat data, 
ting refractories. See Refractories. 
Insulators, tale for, physical 
tests, (10) 336. 
ge method for magnesium salts 
production, (7) 227. 
Tron “aide in a enamels, effect on 
adherence, (5) 156 
in high-frequency ceramics, effect on color 
and dielectric efficiency, (10) 337. 
in steatite body, effect on dielectric con- 
stant, (11) 391-92. 
in talc, effect on fired properties, (10) 338. 
Isoviscosity triaxial diagrams for feldspathic 
effect of changes on 
used viscosity, (6) 


Vol. 26 


state, 


Kaolin. See also Clays. 
electrolytes in, effect on in-size distri- 
bution and pH, curves, (4) 112. 
Fla., monodisperse fractions, thermal ab- 
sorption study, (11) 388. 
fluorescence of diluce HC! leachings, (4) 108. 
: mature, chemical and colloidal analy- 
ses, (4) 105-13; mineralogical analysis, 

thermal analyses and curves, 
a absorption, .nomalous behavior, (11) 

N. ands Fla., 
sulfate (6 

yy dration test results and 
curves, (4) 122-24. 

sedimentary, of Ga., chemical and colloidal 
analyses, summary, (4) 113. 

X-ray analyses and tests, (4) 117-19. 

Zettlitz, chemical analysis, (4) 1C7. 

Kaolinite, colloid study of, (3) 88. 

Keppeler and Thomas equation for effect of 
time and temperature on water attack of 
glass, inaccuracies in, (6) 202. 

Kiln crazing of glazes, (3) 97. 

Kilns. See also Furnaces. 

continuous, midget straight-type, photo, 


fired, basic principl 
gas- ic ples, 
-34. 


bodies, soluble 


direct radiant, 
photos, and application, (4) 132 
noe salt-glazing, diagram and tests, 


(2) 6 
Krachenbueh! integrating calculator for 
determination of tri istimulus values from 
trophotometric curves, (3) 73-74. 
te, India, domestic kyanite as sub- 
stitute, (8) 252; see also Refractories. 


Leaching method for magnesite separation 
from dolomite, (7) 219. 
Lepidolite, chemical analysis and 
melted frit composition, (3) 82. 
Leucite—diopside—silica system, equilibrium 
diagram, after Schairer and Bowen, and 
discussion, (9) 300-301. 
rings in glass sample, AgNOs as 
diffusion source, (8) 273. 
Lime (CaO)—Al:Os-SiOz, equilibrium dia- 
gram, after Rankin and Wright, (9) 295. 
in dolomite, magnesia separation, methods 
and bibliography, (7) 218-38. 

-FeO-SiO:, equilibrium diagram after 
Bowen, Schairer, and Posnjak, (9) 297; 
discussion of system, (9) 298; equilibrium 
diagram ior mixtures of metasilicate ratio 
in system, oe Bowen, Schairer, and 
Posnjak, (9) 298 

eae stability relations of merwinite 
in 

ean brick, staining or coloring effect, 

ll 
“NaxO-AliOr SiOx, cross sections in, (9) 


-—Na20-SiO: portion of equilibrium 
diagram, (5) 140 

—ZrO2-CriO, refractory properties, (1) 27. 

Limestone-olivine fusions, curve and tabular 

data, (12) 412-13; limestone additions 

to olivine melt, photomicrograph, (12) 


use in 


Lithia as soda substitute in vitreous enamels, 
effect o ong properties, (3) 77-83. 
fluo: thermal conductivity curves, 


Lithium commercial types, in 
vitreous enamels, melt compositions and 
batch formulas, (3) 77-78. 

Load test for silica brick. See Refractories. 

Luminescence. Photoluminescence. 


MacGee method for solid volume measure- 
ments, (4) 127. 
esia equilibrium dia- 
gram of portion of system, melting points 
of steatite compositions, (10) 334. 


~AlsOs-SiOs, equilibrium diagram, after 
Rankin and Merwin, and w based on 
compositions of, (9) 293; “solidus” 


diagrams, after Niggli, (9) 294 
—AlrOz-SiO: with fiux additions, properties, 
(3) 99-102. 
-CaO-SiO:, equilibrium diagram, 
Ferguson and Merwin, (12) 410. 
stability relations of 
in, (10) 3: 
lime-free A. CO: and CO method for 
production, (7) 220-21; dolomite sepa- 


ite 


ration, method, (2) 221-27. 
in dolomite, methods 
218-38. 


lime separation from 
and bibliography, 


— 

ah 

: 

“at 
‘ A t cones, viscosity, met of measure- 
ag 


1943 


Magnesia (continued) 

magnesia insulation (85%), specific heat 
and thermal conductivity data, (10) 
345-47. 

-olivine fusion data, (12) 409. 

ae chemical extraction processes, 

7) = 

from sea water and brines, electrochemical 
methods of separation, (7) 227. 

-SiOs, equilibrium diagram, after Bowen, 
Andersen, and Greig, (9) 290; immiscible 
region in, after Marsh, (9) 291. 

-SiOs, melting diagram, after Bowen and 
Andersen (revised by Greig), (12) 406. 

-SiO:z, melting interval of tale (metatalc), 
(10) 335. 

Magnesiowiistite, appearance, (12) 411. 

Magnesite and dolomite ores, concentration, 
flotation methods, (7) 219. 

separation from dolomite, classification 
and calcination methods, (7) 218; hydra- 
tion and leaching methods, (7) 219. 

esium in clays, spectrochemical and 
chemical analyses, (6) 188. 

Magnesium salts, crystallization process, (7) 
219-20; production, ion - exchange 
method, (7) 227. 

Manganese oxide (MnO)—Al:0:-SiO: system: 

uilibrium relations on liquidus surf 
@ 1 diagram in part of system, _— 
icaiies index of glasses, (1) 15; iso- 
therms, diagram, (1) 15; pseudoequilib- 
rium diagram for cooling liquids, (1) 19. 

chemical analyses and tests, (1) 13. 

Ga., geologic and topographic divi- 
sions, (4) 106. 

India, kyanite deposits, (8) 253. 

Masonry, modular sizes of clayware units, 
307; basis for (9) 313. 
Merwinite (3Ca0-MgO- 2SiO2)—akermanite 

(2CaO-MgO-2SiO:) join, data for mix- 
tures of and ternary invariant points, 
(10) 324-25, (10) 331; mixtures of, 
equilibrium diagram of join, (10) 329. 
~akermanite, solid solution in, evidence, 
(10) 327; courses of crystallization, (10) 


328-30. 

field of, in equilibrium di m showing 
part of system CaO-M iOs, (10) 330. 

stability relations within system Ca0O- 
MgO-SiO:, (10) 321. 

Metals for enamels, adherence, presence of 
gas at interface, (5) 153. 

precipitai‘on intervals of time and tempera- 
ture, effect, XIV, (2) 41; metal precipita- 
tion at ground-coat interface, effect of 
cobalt end nickel oxides, XV, (10) 358. 

preoxidation, advantages for adherence of 
enamel ground coats, (5) 153. 

sheet steel for enamels, relation of h 
gen content to adherence, (5) 151. 

Methods, American Ceramic Scciety, mois- 
ture expansion and absorption of ball 
clays, (6) 178-79. 

dynamic, for glass expansion vs. tempera- 
ture measurements, curves, (6) 190. 

electrochemical, for magnesia se 
from sea water and brines, (7) 227. 

filtration, for soluble sulfate content of 
clays for pottery bodies, (6) 180. 

Fizeau interferometric, for thermal ex- 
pansion measurements and Saunders 
improved procedure, (3) 79. 

formation of silicate ions, (7) 243. 

fouse resistance of porcelain enamels, (1) 1. 
agar and Schofield, flat ” glaze stress 
test, and diagram, (3) 9 

Harrison and Moore accelerated weathering 
test for porcelain enamels, (8) 249-51. 

Harrison test for surface abrasion resistance 
of lithia-containing enamels, (3) 80. 

inmetten, for glass deformation tests, (8) 


tion 


leaching, for ma ite separation from 
dolomite, (7) 210. 

for manganese oxides, chemical analyses 
and tests, (1) 13. 

microscopic, for glaze stress tests, and dia- 
gram, (3) 94-95. 

— en test for fluorescence of clays, 

New South Wales test for acid resistance of 
lithia-containing enamels, (3) 81. 
ie and Taylor, static method for re- 
action rates, (7) 239. 

of quenched samples for glass transforma- 
tion region, refractive index, and thermal 
expansion measurements, (6) 191-92. 

refractories load tests, (1) 35, (8) 261-63. 

ring test, for glaze stress, micrometer 


microscope for measurements, (3) 95. 
single-prism, for refractive measurements 
of glass, (6) 198. 
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Methods (-on/inued) 

Stull and Johnson, for measuring solid 
volumes, (4) 127. 

thermal conductivity, Compton and Endé 
curves and formulas, (2) 49. 

three prisms, for refractive index measure- 
ments on glass, (6) 198. 

Washburn and Bunting, for ity and 
volumenometer design, (4) 

Microscopes, micrometer, for measurements of 
glass stress in rings, (3) 95. 

slit ultramicroscope for AgNO; diffusion 
in glass, (8) 270. 
oscopic method for glaze stress tests and 
diagram, (3) 94—95. 

Microscopic studies of colors in silica brick, 
(11) 385-86. 

Mineralogical analysis of Ga. kaolins, (4) 113. 

Minerals, single crystals of, thermal con- 
ductivity tests, apparatus and results, 
(2) 48-55. 

with stability range on liquidus surface in 
system cristobalite and 
tridymite, mullite, corundum, rhodonite, 
tephroite, galaxite, and spessartite, (1) 
data on quintuple points, 

Modular Service Association, unit masonry 

sizes, studies, (9) 307. 
e crazing of glazes, (3) 97. 

Moisture expansion and absorption of ball 
clays and bodies, (6) 178. 

Molding, workability measure- 
ments, 

Molds, and graphite, for metal-to- 
glass sealed bushings, photo, (3) 86. 
Molten rock phosphate, refractories resistance 

tests, (1) 21. 

Monticellite, studies in system CaO-MgO- 
SiOz, (10) 321. 

Montmorillonite and kaolinite-illite clays, 
effect of rehydration, and dehydration- 
rehydration curves and data, (4) 120-25. 

Texas, in potteey bodies, soluble sulfate 


content, 
thermal and X-ray analyses, (4) 115-19. 
Morgan and Blakely m: Wacations of Steger 
glaze-fit test, (3) 94 
test for fluorescence of clays, (4) 
Mottied brick. See Refractories, silica brick. 
aa | in mature, use in refractories, (9) 


Mullite ‘bundle’, thermal conductivity 
curves, (2) 53-54. 

Mullite-corundum brick. See Refractories, 
mullite-corundum. 


Nagleschmidt method for intermittent heat- 
ing, dehydration curves, (4) 121. 

National Bureau of Standards test for g gouge 

of lithia-containing ena 


Nepheline ‘syenite in cordierite bodies, com- 
egeeen, color, and water absorption, (3) 
1. 
Neumann rule for refractive index vs. bire- 
fringence variation, (6) 191 
New South Wales test for acid resistance of 
lithia-containing enamels, (3) 81. 


and calculated reduction, 
-dolomite fusions, data, (12) 411. 
and limestone, fusion curve and data, (12) 
412-13; limestone additions, photomi- 
crograph, (12) 412. 
-magnesia, fusion data, (12) 409. 
-magnesite fusions, softening temperature 
curve, (12) 408. 
Opacifiers and clays in enamels, effect on 
gouge resistance, (1) 3 
in glazes, tin-Zircopax-Opax with high 
calcium, feldspar, and silica content, 
Herd of, diagram and discussion, (7) 
11-1 
Opax in glazes, effect on fused viscosity, com- 
and discussion, (7) 
7) 211-12 
Optical constants and density of glass, com- 
position of, from weight percentage com- 
position, (1) 4. 
Gegaats polymers, structure, (12) 397. 
oclase, melting point, in equilibrium 
diagram of leucite—diopside—silica, after 
Schairer and Bowen, (9) 300. 
Orthosilicates, presence in quenched products 
along 2CaO-SiO: and 2CaO-MgO-- 
2SiO» join, (10) 323; data for mixtures 
along 3CaO MgO: 2SiO2 and 2Si0:-- 
MgO-2SiO: join, (10) 325; data for 
in system CaO-MgO-SiOs, 
1 
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Oxide precipitation ground-coat firing 
cycle, role of cobalt. in, (2) 42. 
des, Dong effect on accelerated weather- 
ing porcelain enamels, (8) 250-51. 
Oxide theory of enamel adherence, (2) 41. 


Parallel crazing of glazes, (3) 98. 
Fee thermal conductivity curves, (2) 


Petrology, definition, (9) 285. 
significance and research in, (9) 


and (9) 285. 
Phase uilibrium diagrams; 
es. See Systems. 
Phosphates, molten rock, corrosion resistance 
of refractory crucibles to, (1) 21; chemi- 
on analyses of phosphatic material, (1) 
orescence and compositions of K:0- 
a0-Naz0 glasses with copper, (5) 147. 
decay of, in copper-bearing glasses, (5) 147. 
Phosphoric acid, glacial, bridge 
structure, (12) 07. 
Phosphorus pentoxide (P:Os), solid solution 
of, in calcium orthosilicates, thermal 
and optical studies, (9) 302. 
Photol ence in glass, study, (5) 137. 
spectrographic apparatus for tests, ‘‘Conti- 
flow” spotlight, Hilger constant devia- 
Ho spectrometer, and process for, (5) 


Plagioclase feldspars, equilibrium diagram, 
after Bowen, (9) 299. 

Plastic and synonymous terms, (12) 393. 

Plasticity of clays, definition, (3) 89; effect 
on plastic- and slip- forming processes, (3) 


91. 
Plastic molding, processes, workability of 
ceramic bodies, for, measurement, (1) 


37. 
Pole and Taylor static method for reaction 
rates, (7) 239. 
Polymers, organic, structure, (12) 397. 
Polyvinyl alcohol, hydrogen ‘bridges in struc- 
ture, (12) 3 397. 
Porcelain, electrical. See also IJnsulating 
materials. 
electrical, chrome-brown glazes with non- 
essential materials, (12) 414. 
electrical, cordierite bodies of system 
MgO-Al:O--SiO:, effect of flux additions, 
vitrification range, (3) 98-102. 
electric, high-frequency ceramics, physical 
tests of talc for, (10) 336. 
Porcelain Enamel Institute, gouge testing 
machine, (1) 1. 
impact test for laboratory specimens of 
egpotinia enamel sheet iron and steel, (5) 
reflectance test for opaque white porcelain 
nes with Hunter reflectometer, (3) 


standard rolling-ball gouge test, (1) 1. 
tentative screen test for porcelain wet- 
milled enamels, (3) 78. 

Porcelain enamels. See Enamels. 

Porous specimens, solid volume measure- 
ments, (4) 130. 

Potassium oxide (K:0)—AlsOr-SiO: syste 
equilibrium diagram, after Schairer — | 
Bowen, (9) 296; trologic and techno- 
logic significance, (9) 296 
ery, soluble sulfate content, during prepa- 
ration, (6) 179 

es, batch composition and soluble 

fate content, (6) 1 . 


Q meter and Q values for dielectric measure- 
ments on steatite bodies, (10) 337-38. 
pestis size, effect on reaction rate, 


carbonate, reaction rates and 
methods of determination, (7) 239-46. 
specific heat curves, (10) 345; commercial 
insulation and quartz, curves, (10) 346. 
thermal conductivity, curves, (2) 53. 
zites, Medina and Baraboo, chemical 
analyses and load-test data, (11) 376; 
effect of steam-treatment, (11) 377. 
Quenched samples method for glass trans- 
formation region measurements, (6) 191. 
for refractive index and thermal expansion 
measurements of glass, (6) 192. 


Radiant firing, direct, in ceramic ind , 
mates and photos, application, (4) 
4 
Radiation, frequency of, equation for, (5) 138. 
Radio-tube bul mechanical strains in 
test method, (8) 282-83. 


“ 
‘ 
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Reaction kinetics 
oe mixtures, (7) 242-43. 


rates vs. reaction of 
size, flow rate ond 
time and temperature, & 2 
Reducing agents, carbon vs. sulfur, effect on 
amber glass, (2) 58. 


Refractories, alumina in silica brick, mottling 


effect, (11) 363. 
— minerals in, firing process, 
aluminum-fire-clay coatin 
shrinkage at 6 to 18, 2i4. 
andalusite: pyrochemical and pyrophysi- 
cal changes in, (8) 254; commercial de- 
posits and chemical analyses, (8) 255; 
“Sane es of Bur. Mines test samples, 
(8) 262 ee load test 
results, (8) 2 
bauxite in, An ies and costs, (8) de 
burning, color effects from, (11) 366-6 
of natural alumina-silica minerals, ~ 
(8) 258-60. 
and yore effect and color photo, 
(11) 362A 
of silica brick, effect on composition, load 
test results, color photo, (11) 362A. 
of silica brick, effect of lime content and 
of reburning in air, (11) 385 
sulfur gases in coal, color effects from, (11) 
367, (11) 387. 
calcium oe for, behavior and 
application, (9) 306 
chrome-magnesia, effect of phosphate, 
corrosion test data, (1) 36 
chrome ore in, properties and costs, (8) 257. 
coated and uncoated firebrick, changes in 
length, curve, (7) 214. 
colored. | See also Refractories, silica brick. 
ver composition of, effect, (11) 


colors in, reversible nature, (11) 363. 
plant tests on eae in, (11) 364. 
sulfur gases from coal, effect, (11) 367; 
sulfur effect, (11) 387. 
synthetic color-forming compounds, tests, 
(11) 386. 
constant-tem ture load test vs. stand- 
ard A.S.T.M. test curve, (8) 263; 
description and results, (8) 264-65. 
corrosion tests on molten rock phosphate, 
(1) 28; on electric-furnace phosphate 
and basic open-hearth slags, (1) 29-30. 
corrosion tests, physical and chemical prop- 
erties of test brick, laboratory expan- 
sion tests, Detroit rocking furnace tests, 
load tests, (1) 30-35. 
cracking of insulating firebrick, effect of 
coatings, photo, (7) 


crucibles for small-scale tests on molten- 
k (1) 21; large-scale tests, 


strength. effect of cooling-treat- 
(11) 


, physical properties and uses, (8) 
“386; raw material and firebrick costs, (8) 


and lime, calcium orthosilicate 
behavior, (9) 306. 

dolomite-silica brick, solid- nome | inversions 
of calcium orthosilicate, 9) 302 

bal ~ * iy or, effect on colors in silica brick, (11) 


firebrick, super-refractories costs, (8) 257. 
firebrick, thermal conductivity stability, 
effect of reheating, curves, (10) 355; 
dense firebrick, hot and cold face tem- 
ratures, curves, (10) 357. 
‘pase for, physical properties and costs, 


fire-clay, thermal conductivity of, (10) 350. 

forming processes, effect on body consist - 
ency, data, (1) 38-39. 

furnace calorimeter, spherical, for specific 
heat and thermal conductivity direct 
measurements, (10) 339. 

fused, electrically fused forsterite-olivine, 
(12) 305. 

hegs-cogesity curves for various types, 


insulating _firebrick, 
coatings, effect, (7) 212; shrinkage in 
reheating test, effect, (7) 214. 

insulating firebrick, 'A.S.T.M. specifica- 
tion for bulk density, (7) 213. 

insulating firebrick, for high-temperature 
use, composition, (10) 346. 

insulating materials, commercial, thermal 
conductivity curves, (10) 346; thermal 
egress and specific heat data, (10) 


insulating materials, thermal conductivity 
results with tester, (10) 357. 


of sodium carbonate and Refractories (continucd 


iron oxide content, effect on colors, (11) 365. 

iron oxide in silica brick, mottling effect, 
(11) 362; iron plus wollastonite, color 
til) color photo, (11) 382A; data, 

kaolin, thermal conductivity test, (10) 359. 

kyanite and corundum, calculated per- 
centage content, (8) 260. 

kyanite, domestic: sources and analyses 
of Va. and N. C. samples, (8) 253-54; 
Bur. Mines test samples, 8) 262: 
with mullite-corundum and S.C. topaz, 
summary, (8) 266 

kyanite, India: sources, properties, and 
domestic materials substitutes, (8; 252- 
53; map of deposits, (8) 253: costs 
quotations, (8) 257. 

kyanite, India: test samples, effect of 
repeated heatings, curves, (8) 258-59; 
chemical analyses, (8) 260; commercial 
calcined materials, properties, (8) 261; 
Bur. Mines test samples, (8) 262; vari- 
able- and constant-temperature load- 
test results, (8) 264-65. 

lateral heat loss and heat flow, temperature 
measurement, (10) 354. 

lightweight, slag resistance to aluminum 
coatings, diagram, (7) 215. 

lime-alumina ratio, effect on color in, (11) 
365-66 


lime in silica brick, effect on coloration or 
staining, (11) 371. 

lime in silica brick, mottling effect, (11) 
362; color photo, (11) 362A. 

load tests, (1) 35, (8) 261-63. 

load tests, color photos and test, (11) 362A, 
(11) 364. 

load tests, effect om coated and uncoated 

samples, curve and discussion, (7) 215-17. 

tests: variable temperature curves, 

(8) 261, (8) 263; time-temperature 

curves, (8) 263; variable temperature 

load-test curves on experimental re- 
fractories and commercial India kyanite, 

(8) 265. 

magnesia-CaO-SiO: brick, softening tem- 
peratures vs. composition, curve, (12) 
412. 

classifying methods, (7) 218. 

insulation (85%), specific heat and ther- 
mal conductivity data, (10) 345-47. 

properties and costs, (8) 257. 

separation from lime in dolomite, meth- 
ods and bibliography, (7) 218-38. 

be brick, softening temperature curves, 
12) 408. 

-SiO: brick, softening temperatures vs. 
composition, olivine-dolomite fusion, 
curve, (12) 412. 

™, = rock phosphate resistance tests, 


mottled, mottling of. See Refractories, 
silica brick. 

mullite-corundum: bonded electric fur- 
nace Bur. Mines samples, (8) 262; com- 
bined with topaz and domestic kyanite, 
(8) 262; variable- and constant-tem- 
perature load tests, summary of results, 
(8) 264-66. 

mullite-corundum, electric-furnace, pro- 
duction, ert ies, casting Process, 
e357 8) 255-56; cost quotations, 

)2 

mullite in, use, (9) 289-90. 

olivine, calcined magnesite, dolomite, and 
limestone, analyses, (12) 409. 

resistance to molten rock phosphate, com- 
positions, (1) 21. 

shrinkage of exposed (uncoated) faces in 
tests and spaliing effect, (7) 215-— 


Pa volume and linear, effect on 
aluminum-fire-clay coatings at cones 6 to 
18, (7) 214. 

silica brick, bleached specimens, reignition 

effect, (11) 370. 

chemical composition and properties, 
Dodd data, (11) 375. 

chemical composition of stained samples, 
tests in air and in CO:-air mixtures, 
(11) 369. 

color photogra ographe, brick samples, varia- 
tion effects of CaO, AleOs, p»rcentage of 
fines, burning treatment, reheating, and 
load test, (11) 362A. 

color photographs, effect of time during 

heat-treatment, slow and rapid cooling, 
and of wollastonite with iron, and AlzOs 
additions, (11) 382A. 
color photographs, mottling, color and 
eppe pearance, effect of heat-treatment, 
(11) 378A. 
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silica brick (continued) 
in, microscopic studies, (11) 385- 


colors in, reversible nature, color photos, 

composition, dryi firing, ects 
on color, (11) 362.66. 

cooling rates in heat-treatment test, 
curves, studies, and color photos, 
380-82A; effect on mottled brick, col 
photo, (11) 382-82A. 

— color, effect of lime content, (11) 


cream and dark, thermal expansion 
curves, (11) 380. 

dicalcium ferrite as colorant in silica 
brick, (11) 368. 

heat-treatment and effect of time, color 
photos, (11) 378A. 

iron and CaO in, hydrochloric acid ex- 
traction, (11) 385. 

lime content, effect at come 17 and re- 
burning in air, (11) 371. 

lime in, mottling effect and color photo, 
(11) 362-62A 

load-test data, (11) 379. 

load tests, color photos and test, (11) 
362A, (11) 364; steam-treatment, effect 
on weight, (11) 376-77. 

mottled, color photos and heat-treatment 
studies, (11) 378A, (11) 380. 

mottled, effect of lime, AlzOs, and thermal 
ay and color photos, (11) 361- 

mottled and normal types, properties, 
(11) 378-79. 

mottling: chemical composition, ny 
362; effect om brick properties, (11 
363-64 


by reburning in air, (11) 

staining test: in air and CO>-air mix- 
tures, (11) 369; im reducing atmos- 
phere and in SO:-air mixture, (11) 370; 
effect of sulfur gases in kiln atmos- 
phere, (11) 372. 

steam-treatment, effect on weight, (11) 
376-77 

sulfur effect: on color formation, (11) 
367, (11) 387; mottling effect, (11) 363. 

iu, effect on color, 
(11) 386 

thermal = tests, effect, photos, 
(10) 354-55 

time effect during heat-treatment 
900°C., study and cciur photo, an 


wn effect at hign temperatures, 

wollastonite in, effect of heat-treatment 
coeen, (11) 386-87; color photo, (11) 


wollastonite in stained portions, (11) 371. 
silica-CaO-MgO brick, softening tempera- 
tures vs. composition, curve, (12) 412. 
silica-MgO brick, softening temperatures vs. 
composition, olivine-dolomite fusion, 
curve, (12) 412. 

silica for, properties and costs, (8) 256—57 

silicon carbide, properties and costs, (8) 257. 

slag resistance, effect of aluminum coatings 
on lightweight brick, (7) 215. 

slag test, chemical analyses and molecular 
formulas for multiclone dust, Portland 
cement clinker, ground glass, and syn- 
thetic coal ash, (7) 213. 

spalling and reheat tests, effect on coated 
and uncoated firebrick, (7) 216. 

specific heat test method, formulas, data, 
and calculations (10) 343-44. 

stained, studies, (11) 368-73; see also 
Refractories, silica brick. 

steam-treatment, effect on weight, (11) 


sulfur <ect on color formation, (11) 367, 
(11) 382, (11) 387. 
—_ in silica brick, mottling effect, (11) 


superduty fire-clay lining, in Detroit rock- 
= furnace, effect of rock phosphate, (1) 


3 

, thermal conductivity tests, 

thermal conductivity, diagram and curve 
for insulating firebrick, (10) 352. 

thermal conductivity and specific heat tests 
with spherical furnace calorimeter, (10) 
339-41. 

thermal conductivity tester, diagram, (10) 
351; asbestos strips under test sam 
diagram, (10) 352; initial and final ar- 
rangement for test, (10) 353. 

thermal-expansion studies and curves 
cream and dark-colored brick, Sek (11) 
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Refractories, thermal expansion (-ontinued) 
379-80; effect of color on thermal ex- 
pansion, study and curves, (11) 383. 

time-temperature relations, effect on 
topaz, Bur. ines samples, composit 
and variable- and constant-temperature 
load-test results, (8) 262-65. 
with electric furnace mullite-corundum 
and domestic kyanite, summary, (8) 


firing, effect of yy curves 

properties topaz, (8) 

and “ae. domestic, cost quotations, 
8) 257. 


., deposits, development, and chemi- 
cal analyses, (8) 254-55. 
variables ecting color of silica brick, 
plant tests, (11) 364-67. 
wollastonite as matrix material in ground- 
of stained silica brick, effect, 
1. 
wollastonite and wollastonite mixtures in 
silica brick, effect, (11) 
382A, (11) 386-8 
zirconium oxide-CrzO:-CaO compositions, 


refractory properties, (1) 27. 
Rehydration-dehydration test, rapid, for 
clays, (4) 125; of nonclay im- 


(4) 125. 
Ring test for glaze stress, micrometer micro- 
scope for measurements, (3) 95. 
for glaze stress, use of terra cotta thermal 
expansion rings, (5) 163. 


Rock phosphate, molten, resistance of re- 
fractory compositions, (1) 21. 

Rock phosphate corrosion of refractories, 
tests, (1) 28. 

-ball gouge test, Porcelain Enamel 

Institute, (1) 1. 

Salt See Glazes. 

Sapphire, thermal conductivity curves, (2) 53. 


Saunders ‘=proved procedure for thermal 
expes sion measurements, (3) 79. 

Scratch resistance of porcelain enamels, 
goug’ tests, (1) 1. 

Sea water and brines, magnesia separation, 
methods, (7) 227. 

* Selas radiant gas burner, description and 
cross section, (4) 1 

Selenium and sulfur, vitreous, structure, (12) 
394. 


Semivitreous bodies. See Vitreous bodies. 
Serin and Ellickson formula for solid state 
reactions, (7) 239. 
formula for chemical attack of glass, (6) 
02. 
Sheet steel 


enamels. See Enamels; 
Metals. 


Silica equilibrium dia- 
a. after Rankin and Wright, (9) 


Cad” FeO, equilibrium diagram, after 
Bowen, Schairer, and Posnjak, and dis- 
cussion, (9) 297-98; equilibrium dia- 
gram for mixtures of metasilicate ratio in 
cvetem, after Bowen, Schairer, and Posn- 


(9) 298. 
merwinite in, stability rela- 
tions, (10) 321. 
crystalline and vitreous, structure, dimen- 
sional representation, (12) 394. 
~—leucite-diopside, equilibrium diagram, 
after Schairer and Bowen, and discussion, 


for 


(9) 300-301. 

—MgO-—-Al:Os, uilibrium diagram, after 
Rankin and Merwin, and ware on 
compositions of, (9) 293; “solidus” 


diagrams, after Niggli, (9) 294. 
—MgO-Al2Os, with flux additions, electrical 
and mechanical properties, (3) 99-102. 
—~MgO-CaO, equilibrium diagram, after 

Ferguson and Merwin, (12) 410. 

—MgO, diagram of melting interval of talc 
and metatalc, (10) 335; SiO02:-MgO- 
Al:O:, phase diagram and composition of 
normal and low-loss steatite bodies, (10) 
333-36. 

—MgO, equilibrium diagram, after Bowen, 
Andersen, and Greig, (9) 290; immiscible 
region in, after Marsh, (9) 291. 

~MgO, equilibrium diagram, after Bowen 
- Andersen (revised by Greig), (12) 


equilibrium relations on 
liquidus surface, (1) 11; diagram in part 
of system, isotherms, and refractive index 
of glasses formed, (1) 14-15; pseudo- 


“a diagram for cooling liquids, 
) 19. 
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20-Al:0:, equilibrium 
‘Scheie and Bowen, “snd and 


ifi 


-Naz0-Si0: lass, portion of equilibrium 
diagram, (8) 140 

. Vitreous, teruccure ‘of, and effect of sudden 

See Refractories, silica brick. 
pressure-temperature dia- 
gram of stability relations in, (9) 298. 

Silicate See Glass, silicate. 

Silicate ions, formation methods, (7) 243. 

Silicates, binary systems of, partial and com- 
plete immiscibility, equilibrium diagram, 
after Marsh, (9) 291; petrologic signifi- 
cance immiscible relation, diagram, 
(9) 292. 

compositions in region of orthosilicate join 
in ternary system CaO-Mg0O-SiO:, 
phase equilibrium = (10) 321-32. 

of soda, properties, (2) 68; see also Sodium 
silicate. 

structures; relation of 
composition, (12) 396. 

Silver compounds as source of diffusion in 
lass, (®) 270; 
e-pr'sm method for lass refractive index 
measurements, (6) 198. 

Slags, multiclone dusts, Portland cement 
clinker, soda-lime glass, and synthetic 
coal ash, chemical analyses and molecu- 


lar formulas, (7) 213. 
sl 


Slag test for electric-furnace 
oa 29; for basic open- 
ona berium carbonate as precipitant for 
sulfate, effect, (6) 185. 
casting, deflocculants for, effect of sodium 
silicate and sodium carbonate, (2) 67; 
electrolyte additions, effect on casting 
properties, (2) 68-70. 
casting, effect of plasticity. ( (3) 91. 
=p oe. Mich. and Albany, in chrome- 
a wn electrical porcelain glazes, (12) 
4. 


sulfate calculations and soluble sulfate con- 
tent, (6) 182-83. 
Soapstone for steatite dielectrics, chemical 
analyses, firing data, (11) 390-91. 
Soda cross secticns 
in, (9) 299. 
—CaO-SiO: glasses portion of equilibrium 
diagram, (5) 140. 
vs. lithia in vitreous enamels, effect of 
fusibility, (3) 77-83. 
m carbonate in casting slips with 
NasSiOs, effect as (2) (67. 
and quartz, reaction rates, methods, (7) 
239-46. 


Sodium silicate in —— slips, effect of 
NazrCO; additions, (2) 6 
“Solidus” diagrams, definition, (9) 294; dia- 
gram for CaO-—AlzOr-SiO: system, ‘after 
Rankin and Wright, (9) 295. 
of -AlzOs-SiO: system, after Niggli, 
(9) 


eetsditir a of glass, effect of chemically formed 
surface films, (2) 56. 

Soluble salts in ball and china clays and 
miscellaneous materials, (6) 181. 

in pottery bodies, in raw materials, and in 
batch composition, (6) 182. 

Spalling of porcelain ~~ bubble forma- 
tion in, effect, (8) 250-5 
and reheat tests, furnace a (7) 214. 
, origin, Bohr “stationary states,” 
(5) 138. 
Spectrochemical analysis of clays, (6) 185. 
Spectrograph, Bausch and Lomb large 
Littrow, for clay analyses, (6) 185. 

Bausch and Lomb medium quartz, for 

silver concentration in glass, (8) 270. 

Spectrophotometry, General Electric record- 
ing spectrophotometer for color panel 
tests, (3) 74. 

Kraehenbuehl calculator for determination 
of tristimulus values from spectrophoto- 
metric data, (3) 73 

Spodumene, chemical analysis, use in melted 
frit compositions, (3) 82. 
in cordierite bodies, composition, color, and 
water absorption data, (3) 100-101. 
Staining of silica brick. See Refractories, 
silica brick 
Steam-treatment for silica brick, effect on 
weight, (11) 376-77. 
Steatite bodies, chemical specifications and 
physical properties of high-lime talcs, 
(10) 336; physical tests, (J0) 337. 
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Steatite bodies 
decomposition and rate, (10) 

; composition ers, effect, 
melting curves, , ~ (10) 


Fes0; in, effect on pr ies, (10) 338. 
“38. physical and mical studies, (10) 
anes range and effect of firing rate, 
mt, points of, portion of equilibrium 
diagram for system MgO-Al2Os, (10) 334. 
ferruginous talcs in, use, 
Q meter for measurement, (10) 337. 
Steger method for glaze-fit test, Mergen and 
Blakely modifications, (3) 94 
tural materials, modular sizes of clay- 
ware units, (9) 307; basis for coordina- 
tion, (9) 313 
salt giazes for building units, laboratory 
| (2) 61. 
and Johnson method for solid volume 
(4) 127. 
Sulfates, barium carbonate as precipitant in 
slips, (6) 185. 
soluble, in pottery bodies during 
tion, (6) 179; batch composition per- 
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298. 
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2SiOr-2CaO-MgO-2S5i02, (10) 325; 
hases present in quenched product, 
10) 326. 
—MgO-SiO:, equilibrium diagram, after 
Ferguson and Merwin, (12) 410. 
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FeO-CoO, solid system, equilibrium dia- 
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ceramics, physical tests, 
0) 3 
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iron-bearing vs. ferrugi 
metatalc, melting interval, equilibrium dia- 
gram in system MgO-SiO:, (10) 335. 
white-firing, effect 
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see also Glass, colored. 
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behavior, (11) 388. 

Thermal analysis of Ga. kaolin, (4) 115-16. 
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test method, (2) 48-55 

refractories. See Refractories. | 
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ea and topaz, directional effect, 
) 
tester, diagram and use, (10) 351-54. 
1 expansion of ball clays and vitreous 
bodies, data and curves, (6) 174-78. 


of lithia-containing frits, Andrews and 
Howe method of preparation, Fizeau 
interferometric method, and Saunders 


improved 79. 
Thermal-expansion for terra cotta 

production control 163. 
Thermal-shock craz ing of glazes, (3) 98. 

ee- meth: for glass refractive 
index measurements, (6) 198. 


of FezOs on dielectric be 
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Tin oxide in Seidepetite glazes, effect on 
fused viscosity, (7) 2 
thermal curves, (2) 
—54; see also Refractories, topaz. 
ae line, thermal conductivity curves, (2) 


Transformation of glass. See Glass. 
Triaxial Ale ams of feldspathic 
— effect of composition changes, (7) 


ranium salts, 
(5) 140-49. 


Vanadium salts, diffusion data, (8) 274-75. 
Viscosity of casting slips, deflocculants for, 
curves, (2) 67-71. 
fused, of glasses and glazes, measurement 
methods, (7) 205; see also Glazes. 
Vitreous bodies, eppanitien and thermal 
expansion, (6) 176 
semivitreous, egomposition and thermal 
expansion, ect img temperature, 
(6) 175-76. 
Vitreous enamels. See Enamels. 
Vitreous silica, dimensional representation, 
(12) 394; structure, cooling effect, (12) 395. 
ous solid vs. crystalline substances, (12) 


fluorescing action in glass, 


394, 
Vitreous state, definition, relation to vitreous 


solid, amorphous solid, su 
liquid, lass, and plastic, (12) 393. 
Vitreous sulfur and selenium, structure, (12) 
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SiOx, effect of flux additions and vitrifica- 
tion range, (3) 99-102. 

Volume measurements, gas-expansion vs. 
liquid absorption methods, (4) 127. 

Volumenometer, improved, for measuri 
solid volumes, (4) 127; diagram ve | 
photo, (4) 129; calibration data, (4) 130. 

types, Washburn and Bunting, Pressler. 
MacGee, and Stull and (4) 
127; improved type, (4) 12 


Washburn and Bunting method for pape 
and volumenometer design, (4) 


Vol. 26 


Water, Norris, coustituents, tap and 

distilled, sulfate content, 181. 

Water vapor, effect on silica 2 at 
temperatures, (11) 373. 

Weathe test for 
celerated test, (8) 249 
ated, data, (8) 250; 
oxides, (8) 251. 


lain enamels, ac- 
actual vs. acceler- 


effect of coloring 

Whiteware. See also Pottery bodies; Vitre- 

ous bodies. 

casting slips, deflocculants for, effect of 
sodium silicate with sodium carbonate 
additions, (2) 67. 

clays and bodies, westnbiity for plastic 
molding measurements, (1) 37. 

forming processes, effect on body con- 
sistency, (1) 38-39. 

Wollastonite with iron and Al:O:; additions, 
effect of heat-treatment, color photo, 
(11) 382A 

as matrix material in groundmass of stained 
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382A; data, (11) 386-87. 
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and test results, (4) 116-1 
of halloysites, (4) 117-19. 
of kaolins, (4) 117-19. 


Zehnder method for density of 
materials, (4) 127. 

Zinc vs. zincless eo fused viscosity, dia- 
(7) isoviscosity diagrams, 


inc oxide in glazes, effect on fused viscosity 
composition, (7) 207; discussion and 
diagram, (7) 211-12. 
conductivity curves, (2) 
Zirconium oxide-CaO series, for crucible 
corrosion tests, (1) 25. 
—Cr:0:-CaO, refractory pro) (1) 27. 


Zircopax in glazes, effect on ony viscosity, 
glaze diagram, and discus- 
sion, (7) (7) 211-12. 
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